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ABSTRACT

This is the final report of the Workshop on Physics at LEP2, held at CERN during 1995.
The first part of vol. 1 is devoted to aspects of machine physics of particular relevance to exper-
iments, including the energy, luminosity and interaction regions, as well as the measurement of
beam energy. The second part of vol. 1 is a relatively concise, but fairly complete, handbook on
the physics of e+e~ annihilation above the WW threshold and up to ^Js w 200 GeV. It contains
discussions on WW cross-sections and distributions, W mass determination, Standard Model
processes, QCD and gamma-gamma physics, as well as aspects of discovery physics, such as
Higgs, new particle searches, triple gauge boson couplings and Z'. The second volume contains
a review of the existing Monte Carlo generators for LEP2 physics. These include generators for
WW physics, QCD and gamma-gamma processes, Bhabha scattering and discovery physics. A
special effort was made to co-ordinate the different parts, with a view to achieving a system-
atic and balanced review of the subject, rather than just publishing a collection of separate
contributions.
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INTRODUCTION
Guido Altarelli

The present Workshop on Physics at LEP2 was promoted jointly by the Particle Physics
Experiments and the Theory Divisions of CERN. Given the success of the 1989 Workshop on
Z Physics at LEP, it was considered natural to produce a similar effort in the preparation of
the LEP2 phase. In 1993 the Division Leaders (at the time) J. Allaby and J. Ellis, requested
me to chair the committee responsible for organizing this Workshop. At the same time they
invited the spokesmen of the four LEP experiments to nominate two members each to form the
Organizing Committee. Three more members, two theorists and one machine physicist agreed
to join this Committee.

The Organizing Committee was appointed by October 1993. The structure and the goals
of the Workshop were discussed at the first meetings of this body, held on 9 November and
2 December 1993. The working groups were defined and most of the conveners were soon
designated. The purpose of the Workshop was to encourage experimentalists and theorists to
make a joint effort to update, to better organize and to improve still further the vast amount
of knowledge and of software in the area of LEP2 physics. Considering that the start of LEP2
was finally planned for 1996, it was decided to run most of the Workshop in 1995 and have
its complete results by the end of the same year. Accordingly, the Organizing Committee met
again starting from September 1994 and the activity of the working groups began towards the
end of 1994.

Four sectors were defined: i) Machine-Physics Interface; ii) Standard Physics; iii) Discov-
ery Physics; iv) Event Generators. For each sector there were one or two co-ordinators and four
or eight contact persons, designated by the four LEP experiments, to promote the Workshop
activities within the collaborations. In each sector different working groups were formed under
the responsibility of two (exceptionally one or three) conveners, normally theorists. The final
structure of the Workshop and the appointed persons are shown in p. 3.

At the first general meeting, which was held at CERN on 2-3 February 1995, the conveners
presented the status of each subject, detailed programmes were set up, and the formation of
the working groups was nearly completed. By the time of the second general meeting, which
took place at CERN on 15-16 June 1995, many interesting results were already available. In
particular, as requested by L. Foa, Director of Research, a detailed report was presented on
the physics interest of the phase IV of LEP2, at the time not yet approved, consisting in the
energy upgrade of the machine up to about 192 GeV with an estimated integrated luminosity
per year of 170 pb"1. The 'Interim Report on the Physics Motivations for an Energy Upgrade of
LEP2' was published already in June as a joint PPE and TH report (CERN-TH/95-151, CERN-
PPE/95-78). The proposed upgrade was finally approved by the CERN Council in December
1995. In the last phase of the Workshop a closer interaction within and between the different
working groups was focused to the final presentation of the results, which took place at the third
and final general meeting, held at CERN on 2-3 November 1995. Nearly complete preliminary

drafts of the articles for the present report started to be circulated soon after. By the end of the
year all the final versions of the chapters of these two volumes could be delivered for printing.

I think that the physics output of the Workshop has been quite satisfactory, even beyond
the initial expectations. The main reasons for this success were the experience gained during the
first Workshop on LEP in 1989 and the opportunity of bringing together the most prominent
experts in the field. The latter move was made possible by a special programme of invitations
set up by the Theory Division, which provided most of the funding, but received a very wel-
come help from the Experimental Physics Division. We thank for that support the Division
Leaders G. Veneziano and G. Goggi. But what mostly determined the great achievements of
the Workshop was the beautiful response and the enthusiastic drive of the people concerned. I
am especially satisfied of the collaboration of the members of the Organizing Committee and
of the other co-ordinators. We were all impressed by the intelligent and dedicated leadership of
the conveners and the contact persons. But the bulk of the work was done by the nearly four
hundred physicists at the highest professional level in this domain of research who participated
in this Workshop. Last but not least, Mrs. Suzy Vascotto deserves a special mention for her
invaluable help in the organization and in the running of the Workshop.

I am sure that the LEP community will find the present work useful during the forth-
coming years. I also hope that the beautiful co-operative spirit of this Workshop, in particular
between experimentalists and theorists, will continue throughout the period of LEP2 operation.
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PROSPECTS FOR ENERGY AND LUMINOSITY AT LEP2

S. Myers, C. Wyss

1 Introduction

This paper is a shortened and updated version of Ref. [1] where the status and scope of the
LEP Energy Upgrade Programme as per June 1995 are also reported. Its aim is to provide
concise information about further steps towards higher energies, as discussed at the 1995 Cha-
monix LEP Performance Workshop [2] and by the LEP2 Physics Workshop [3]. The steps
are determined by discrete layout modifications and equipment upgrades creating space and
capacity for additional sets of superconducting cavities. LEP layouts, expected energies, peak
luminosities, schedules and global costs estimates are given for each step considered. After a
discussion of limitations in Section 2, steps to upgrade the LEP2 beam energy up to 96 GeV,
which are within the cooling power of the present cryogenic plants, are presented in detail in
Sections 3 to 5. Further steps, up to an ultimate beam energy of 104 GeV, which were studied
in the framework of the LEP2 Physics Workshop and require an upgrade of the cryoplants, are
outlined in Appendix A.

2 On the Path to Higher Energies

2.1 Energy and Luminosity

2.1.1 Computing Energy and Peak Luminosity

The calculations for energy, peak luminosity, and HOM power, leading to the figures shown in
the various tables (see e.g. Table 2b, Section 3) were performed with the following assumptions:

- The beam energy for a given voltage has been computed for a quantum lifetime of 15 hours,
for the 108° phase advance lattice [4].

- A horizontal emittance of 30 nm at 90 GeV scaled with j 2 . This corresponds to the value
anticipated for the 108° phase advance lattice.

- A vertical to horizontal emittance ratio (4%) equal to the /3 ratio (which ensures that the
beam-beam tune shifts in the horizontal and vertical planes are equal)

- Operation with 8 bunches per beam except in the scenarios 'Y' (see Appendix A) where
the electro-static separators are removed in order to make space for additional sc cavities.

- Bunch currents limited by the Transverse Mode Coupling Instability (at injection energy)
to 0.75 mA with 100% of the copper cavities remaining in the tunnel and 1.0 mA with
50% or more removed.

- Total beam current limited by the amount of installed RF power, assuming 1 MW avail-
able for the beam from each installed klystron and one klystron per 8 cavities. Note
that the situation which is considered foresees that all cavities are available but are being
operated below their maximum gradient by an amount (corresponding to an accelerating
voltage of about 160 MV) which would allow them to be driven rapidly to the nominal
gradient in the event of two groups of eight cavities tripping simultaneously. This is
necessary to avoid total beam loss each time a group of cavities trips.

- The copper RF system is capable of providing 2.8 MV per installed cavity (340 MV for
120 cavities).

- The HOM power per cavity is calculated by adding the powers associated with each bunch
and the fields associated with each counter-rotating beam. Each cavity is equipped with
two HOM couplers allowing to carry to room temperature loads a total power of 1600 W.

2.1.2 Integrated Luminosity

The aim for LEP2 integrated luminosity was and still is 500 pb"1 in three years. From
the achieved results on LEP1 in 1993 and 1994 this yearly integrated luminosity aim of
170 pb-1/year would require a peak luminosity of around 9 x 1031 cm"2 s"1, for a yearly
net physics time of 100 days and an overall efficiency equal to the average of that achieved in
1993 and 1994. It can be seen from the tables given for the different phases that this value is
exceeded in all scenarios with 8 bunch operation.

However there are several reasons why extrapolation from LEP1 may be somewhat opti-
mistic and operation at LEP2 energies may be different from that of LEP1.

- The technical efficiency of the machine may be reduced due to the large number of super-
conducting cavities and the dependence on the simultaneous availability of four cryogenic
systems.

- The intensity lifetime at higher energies is known [5] to be less than at 45 GeV.

- It is rather unlikely that LEP2 can be operated at the beam-beam limit throughout the
coast as is the case for LEP1. This means that the luminosity may decrease as I2, rather
that I for LEP1. Against this, operation in the energy range 65 to 70 GeV at the end
of 1995 showed that very small emittance ratios of less than 0.5% could be routinely
achieved [6].
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With these considerations it would be more reasonable to aim for a peak luminosity of
around 1 x 10s2 cm"2 s"1, to be assured of the target integrated yearly luminosity. It can be
seen from the tables given for the different phases described later that this value appears within
reach for all scenarios with 8 bunch operation.

2.2 Equipment limits

2.2.1 Accelerating Gradient

When considering the likelihood of reaching higher accelerating gradients, we should consider
the following.

Radiation

The experience gathered so far [7] shows that when increasing the gradient from 6 to 7 MV/m,
radiation increases from a few Gy/h to nearly 100 Gy/h. Besides damaging the organic seals of
the cryostats (max. dose 105 to 10* Gy), it has also been ascertained that radiation enhances
electron multipactoring in the main couplers. The 2.5 kV dc bias [8] in the main couplers has
proved to suppress multipactoring, but extended operational experience must still be gathered.
Should multipactoring occur, the RF power is shut down for equipment safety. High radiation
levels might therefore reduce the availability of the sc accelerating system to unacceptable
levels.

Further, intense radiation may constitute a source of background for the experiments.

Field Strength in the Main Couplers

When going for example from 6 to 7 MV/m, the equivalent coupler power in the fixed main
couplers increases to (7/6)2, or 36%. As a consequence, the main coupler might be driven at
a regime where multipactoring may occur. As discussed above, this would entail a reduced
system availability.

Impact of Synchrotron Radiation

Following the experience from KEK, dedicated collimators have been installed in LEP to protect
the sc cavities from the synchrotron radiation (SR) created in the arcs. With the sc cavity
modules installed in LEP so far, no difficulties linked to SR have been encountered. However,
this has to be confirmed at higher energies.
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Experience with other accelerators

Superconducting cavities have been operated in TRISTAN [9] (KEK) and are in operation
at HERA [10] (DESY) and CEBAF [11]. All the cavities in these accelerators are Nb-sheet
cavities, which are subject to thermal quenches, contrary to the Nb-film cavities of LEP.

At TRISTAN (f = 500 MHz, T = 4.2 K), the average accelerating gradient in 1994 was
3.8 MV/m, the maximum achieved in operation being 4.7 MV/m. Without beam an average of
7 MV/m was measured in 1994. Thermal quenches, multipactoring at the input couplers and
discharges due to SR stimulated gas desorption are quoted as limiting factors.

At HERA (f = 500 MHz, T = 4.2 K), the sc cavities were tested to 5 MV/m before
installation, have run at a maximum of 4 MV/m with beams, and are routinely operated at
about 2.6 MV/m. The relatively low maximum gradient in operation is due to a Q degradation
because of hydrogen contamination of the Nb sheet. Multipactoring in the input couplers (no
dc bias) was the major reason of faults in the RF system.

At CEBAF (f = 1.5 GHz, T = 2 K), the nominal value of 5 MV/m has already been exceeded
in the first period of operation, an average of 6.2 MV/m has been reached and 7.3 MV/m are
expected in the future, though the average value achieved during the tests in the vertical
cryostat has been 9.5 MV/m. The main limitation is field emission.

Given the very limited experience with low-frequency SC cavities above 4 MV/m, it is
believed that for the LEP2 sc cavities the nominal value of 6 MV/m should be considered as
the maximum possible gradient in operation.

2.2.2 Number of SC Cavities

The layout of the straight sections at Points 2 and 6 was originally optimized for the Cu acceler-
ating system (64 Cu cavities at each Point) and subsequently partially modified to accommodate
sc cavities as well.

The layout at Points 4 and 8 has been completely redesigned for the LEP2 Programme, to
allow the installation of maximum 96 sc cavities at each of these Points.

By removing all the Cu cavities and making the layout of Points 2 and 6 identical to that
of Points 4 and 8, a total of 384 sc cavities could be installed in LEP, provided that the 16
separators for the Bunch Trains Scheme are removed from LEP as well (each separator occupies
the location of a four-cavity module), precluding operation with more than four bunches per
beam.
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2.2.3 The Cryogenic Limits

Present Cryoplants

The LEP2 cryoplants are designed to deliver an ultimate equivalent refrigeration power of 18 kW
at 4.5 K. In their present configuration, they deliver an equivalent power close to 11.5 kW at
4.5 K, both suppliers being at the lower end of the 5% contractual tolerance admitted for the
specified 12 kW.

The cryoplants have to cope with two basic load types, one that is independent of the
accelerating field in the cavities and one that is field dependent, proportional to E^.c/Q, where
Q is the cavity quality factor. Figure 1 shows the contribution of the various loads to the overall
cryogenic budget, for the cases where 64, 72 or 80 sc cavities are installed and the nominal Q(E)
acceptance curve shown in Fig. 2 is considered. The constant losses are a function of the length
of the transfer lines and of the number of cavities. Their cumulated value is shown in Fig. 1
for 64 cavities. It can be computed that, with the given assumptions, the cryogenic power limit
of 11.5 kW at 4.5 K would be reached by operating 64 sc cavities at about 6.9 MV/m, 72 sc
cavities at 6.5 MV/m or 80 sc cavities at 6.1 MV/m.

»• 6 .»

Accelerating Gradient [MV/m]

• Cryopl. control: 0.4 kW -
-Slat, losses: 1.44 kW
-Totload72SCCs
-18 kW limit

-SC quads: 0.4 kW
-Trans.liiKs:0.8kW
-Totload80SCCs

-GHeliqu. load: 1.6 kW
-Tot.load64SCCs
-11.5 kW limit

Figure 1: Cryogenic Load (64 to 80 SC Cavities) as Function of the Accelerating Gradient

At the time or writing, no experience is available with the operation of a large number of
sc cavity modules and some prudence should be applied when discussing the optimum use of
the spare cryogenic power that appears to be available. In fact, it could be used to:
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i) cope temporarily with accidental higher losses in some modules (due e.g. to a leak of
cryostats' vacua or to a contamination of cavities),

ii) add more modules and operate them at the nominal 6 MV/m,

iii) operate the nominal number of modules at fields higher than 6 MV/m,

iv) cover possible HOM losses reaching the liquid Helium bath.

I

Accelerating Gradient (MV/m)
—Avenge of 1U ban sc cavities

-^-Acceptance limit
•-•—Avenge of 34 modules (without couplets)
-4—Acceptance limit • 20%

Figure 2: Quality Factor Q vs Accelerating Gradient

In order to establish some reference figures and sound limitations, the computations of the
overall cryogenic load were made also for the case that the average effective Q(E) values of the
modules would be 20% below (see Fig. 2) the Q(E) curve admitted for the acceptance of the
modules not yet equipped with couplers.

Under these conditions, the cryogenic power limit of 11.5 kW at 4.5 K would be reached by
operating 64 sc cavities at about 6.4 MV/m, 72 sc cavities at 6.0 MV/m or 80 sc cavities at
5.6 MV/m. By comparing the total accelerating voltages achievable with these parameters, it
can be seen that an increase from 72 to 80 sc cavities would bring a gain of only 27 MV (instead
of nearly 81 MV if they could be operated at the nominal 6 MV/m), making the additional
investment useless.

Until experience has been gathered with the operation of large numbers of cavities, possibly
by end 1996, we therefore do not recommend to install more than 72 sc cavities at any LEP
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Point, unless the cryoplants are appropriately upgraded to keep a reserve for coping with
unforeseen difficulties or driving cavities at higher gradients.

Partial Upgrading of the Cryoplants

Figure 3 shows the estimated cryogenic budgets for the cases where 80, 88 or 96 sc cavities are
to be cooled by a cryoplant.

24 T

to

n

P
f

96SCCs

Accelerating Gradient [MV/m]

- Cryopl. control: 0.4 kW -
- Stat. losses: 1.8 kW
-Tot.load88SCCs
• 18 kW limit

-SCquads: 0.4kW
-Trans.lines:1.0kW
-Tot.load96SCCs

-GHeliqu. load: 2.0 kW
-Tot.load80SCGs
• 11.5 kW limit

Figure 3: Cryogenic Load (80 to 96 SC Cavities) as Function of the Accelerating Gradient

It can be computed that a partial upgrade to an equivalent cryogenic power of 15 kW would
be enough for allowing to drive 96 sc cavities at an accelerating gradient of about 6.5 MV/m,
provided that the average Q values follow the nominal acceptance curve. For the pessimistic
case where the effective Q(E) values are 20% below the acceptance curve of Fig. 2, a gradient
of 6.1 MV/m could still be sustained with 96 sc cavities.

Studies are in progress [12] about the cryoplant upgrades necessary for the LHC; as a
result of a possible gradual implementation of these upgrades, at least the reliability of the
LEP2 cryoplants could be increased in the next years by the installation of additional Helium
compressors.
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2.2.4 Limitations from the Magnet System and its Power Converters

Energy limitations due to the magnets' design were reviewed [13] at the 1995 Workshop on
LEP Performance. For the sake of completeness, they are summarized in the Table 1, with
additional information about the capabilities of the magnets' power converters (the 108°/60°
optics is assumed). The nominal power converters' ratings can be found in Ref. [14]; the figures
between brackets are achievable with limited effort [15].

Table 1:

Magnet

Main Bends

Quadrupoles

Sextupoles

Magnet Type

Arc Dipoles

Power Converter

Injection Dipoles

Power Converter

Arc Quadrupoles (MQ)

Power Converter

MQA Quadrupoles

Power Converters

SC Low-/? Quadrupoles

Power Converters

SD Sextupoles

Power Converters

SF Sextupoles

Power Converters

Max. Energy [GeV]

125

100 (105)

100 (120)

100 (105)

114

100 (114)

97* (110)*

97* (110)*

100 (105)

100 (105)

> 125

98 (103)

> 125

120
* The figures for the MQA quadrupoles are

optimization of the optics parameters

Scheme, which is not yet complete for LEP2

dependent on the final

for the Bunch Trains

3 Increasing the LEP Energy within the Cryogenic Limit

Two new LEP2 phases, named Phase Illb and IV, respectively, were discussed at the 1995
Chamonix Workshop on LEP Performance; Tables 2a and 2b summarize cavity number and
distribution, expected energies and luminosities, respectively.
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Table 2a: Cavity distribution

Phase

(Cavity

type)

Illb

IV

Cu

26

26

Point

Nb&

prot.

24

Useoi

24

2

NbCu

40

P t 4

NbCu

56

P t 6

Cu

26

NbCu

64

Pt 8

NbCu

56

Totals

Cu

52

Nb

24

NbCu

216

Total MV max

(MV)

2557

16 active spares and replacement of 8 prototypes

40

Maximum

72 26 64 72 52

energy upgrade with present

24 248

cryoplants

2884

Table 2b: Energy and luminosity (limiting parameter underlined)

Phase

Illb

1)
IV

1)

MV

max

(MV)

2557

2884

E

max

(GeV)

94.7

97.6

MV

oper.

(MV)

2394

2190

2721

2489

E

oper.

(GeV)

93.1

91.0

96.2

94.0

IW
beam

(mA)

7.19

7.13

Beam

Power

(MW)

30.5

34.5

0.0383

0.0344

1031 cm"2 s-1

11.1

10.3

HOM

Power/cavity

(W)

1010

995

1) Figutes for an accelerating gradient reduced by 0.5 MV/m.

3.1 Making spare modules active (Phase Illb)

Four modules have been ordered as spares; space for their installation can be efficiently made
available at Points 2 and 6, the schematic layout is shown in Fig. 4. Phase Illb requires the
procurement of four klystrons, four circulators, waveguides and RF controls for four modules,
vacuum and cryogenic equipment for module installation and operation. Additional high pres-
sure storage tanks for He gas are also necessary. The extension of the cryogenic transfer lines
was already included in the original LEP2 Programme.
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3.2 Adding 32 sc cavities (Phase IV)

At each of Points 4 and 8, 16 cavities can be added, reaching thus the cryogenic limit of
72 sc cavities established under Section 2.2.3. Their installation would take place between the
quadrupoles QS9 and QS10 (see the schematic layout of Fig. 4). In addition to the procurement
of 32 sc cavities, Phase IV requires the procurement of two new RF units (each consisting of a
klystron power converter, HV cabling, a HV filter capacitor, the klystrons protection system,
two klystrons, two circulators, waveguides and controls for eight modules), the extension of the
cryogenic transfer lines as shown in Fig. 4, and the vacuum and cryogenic equipment necessary
for module installation and operation. Additional high pressure storage tanks for He gas are
also necessary.

An examination of Table 2b shows that the Phase IV configuration allows to reach 95 GeV
per beam with a reasonable confidence.

4 Schedules

4.1 Boundary Conditions

Schedules have to cope with the following:

- tendering procedures requiring the adjudications' approval by the Finance Committee,
require a 6 to 9 month's period;

- deliveries must occur at the beginning of the winter shutdowns (SD) at latest;

- sc cavities: provided that basic materials are procured by CERN before the order is
placed, bare cavity delivery can start 6 months after contract adjudication. Orders for
sc cavities are to be placed so as not to have large time gaps in their manufacture. The
average sc cavity production rate achieved so far with three firms is 60 sc cavities/year;
module delivery followed with a time lag of 9 months;

- RF power and controls: delivery within two years after contract adjudication;

- cabling of RF controls: for a set of 8 modules, a total of 6 months is necessary (two
months of racks precabling before the winter shutdown, 4 months underground installa-
tion). Because of CERN staff availability, parallel work is limited at 2 x 8 modules;

- cryogenics: the extensions of cryogenic transfer lines require one year after contract ad-
judication. Transfer lines should be installed and tested one winter shutdown before that
for module installation, because of incompatible activities. The delivery of additional
high pressure storage tanks for He gas occurs 18 months after contract adjudication.
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4.2 Tentative Schedule

Taking into account the above boundaries, a tentative installation schedule has been worked
out [16], which includes in a global approach the realisation of Phases III [1], Illb and IV. A
favourable decision for Phases Illb and IV is foreseen for December 1995 which will allow us
to complete the LEP2 upgrade by May 1998.

The optimum installation schedule foresees the following major milestones:
1995-1996 SD: extension of cryogenic transfer lines at Points 2, 4, 6 and 8, cabling of RF

controls at Points 4 and 8.
1996-1997 SD: installation at Point 2 of the eight sc cavity modules ordered for Phase III,

installation at Points 4 and 8 of the four spare modules and of the four modules
driven out of the original layout because of the Bunch Trains separators.

1997-1998 SD: installation at Point 6 of the eight modules to be ordered for Phase IV.

Tables 3a and 3b summarize cavity number and distribution, and expected energies for the
years 1996 to 1998. The schematic layouts corresponding to this schedule are shown in Fig. 4.

5 Cost estimates for Phases Illb and IV

The cost estimates for Phases Illb and IV are of 7 and 29 MCHF, respectively. These estimates
are based on the unit prices paid so far. The high pressure He storage tanks, estimated at
3 MCHF are not included in the above sums; they are foreseen in the LHC budget, as they are
needed anyhow for LHC and would constitute a pilot production for the full LHC needs.
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Table 3a: Cavity Distribution vs Time (Assuming an approval of Phases Illb and IV by De-
cember 1995)

Year

(Cavity

type)

Oct 1996

Point 2

Cu

60

Nb&

prot.

16

NbCu

16

P t 4

NbCu

56

P t 6

Cu

60

NbCu

32

Pt 8

NbCu

56

Totals

Cu

120

Nb

16

NbCu

160

Total MV max

(MV)

2110

May 1997 26 24 40 72 60 32 72 86 24 216 2654

May 1998 26 24 40 72 26 64 72 52 24 248 2884

Phase IV

Table 3b: Energy and Luminosity vs Time (limiting parameter underlined) (Assuming an
approval of Phases Illb and IV by December 1995)

Year

Oct 96

1)
May 97

1)
May 98

1)

MV

max

(MV)

2110

2654

2884

E

max

(GeV)

90.0

95.6

97.6

MV

oper.

(MV)

1946

1810

2490

2300

2721

2503

E

oper.

(GeV)

88.0

86.1

94.1

92.1

96.2

94.2

J-max/

beam

(mA)

M

6J>

7.13

Beam

Power

(MW)

20.3

26.6

34.5

fbb

0.0379

0.0310

0.0344

Lmiuc

1031 cm-2 s-1

8.7

7.6

10.3

HOM

Power/cavity

(W)

704

704

995

1) Figures for an accelerating gradient reduced by 0.5 MV/m.
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A.I

APPENDIX A

Increasing the LEP Energy beyond the present Cryo-
genic Limit

In the following, information is given about the LEP2 potential, should it be decided to make a
step in energy requiring an upgrade of the cryoplants. Different scenarios can be envisaged, by
increasing importance of modification. Essentially two families of options can be considered,
the first (X label) conserves the Bunch Trains separators in LEP to maximize luminosity, the
second (Y label) does away with Bunch Trains to maximize energy.

A.2 Keeping the Bunch Trains Separators (X Phases)

The phases described in the following are successive increments from Phase IV. Tables Ala
and Alb summarize cavity number and distribution, expected energies and luminosities for the
Phases XI, X2 and X3 described below.

A.2.1 Addition of a Set of 32 SC Cavities (Phase XI)

We can see from Fig. Al that at Points 4 and 8, space is still available for the installation
of 2 modules between the quadrupoles QS10 and QS11; the corresponding cryoplants must be
upgraded.

A.2.2 Replacement of the Remaining Cu Cavities by 32 SC Ones
(Phase X2)

Progressing in the stepwise approach to increase the beam energy, one could consider the
replacement at Points 2 and 6 of the remaining 52 Cu cavities, which still provide some 150 MV.
From the schematic layout given in Fig. A2, it can be seen that each group of Cu cavities can be
replaced by a four-cavity module; another set of 32 SC cavities could so be installed, providing
a net increase of about 180 MV in accelerating voltage. The cryoplants at Points 2 and 6 will
need to be upgraded.
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A.2.3 Identical RF Layouts (Phase X3)

The next step would then be to make the layout of Points 2 and 6 identical to that of Points
4 and 8 (see Fig. A3). This will require a complete rearrangement of the quadrupole magnets,
the sc cavity modules, the vacuum system, the cryogenic transfer lines, and of the RF power
distribution system. This intervention will certainly need a prolonged shutdown; no planning
study has been made so far. After rearrangement, it would be possible to install 16 additional
sc cavities, with a net gain of about 163 MV.

Table Ala: Cavity distribution

Phase

(Cavity type)

XI

X2

X3

Point 2

Cu

26

0

0

Nb & prot.

24

NbCu

40

P t 4

NbCu

88

P t 6

Cu

26

Cryoplants upgrade

24 56 88 0

Cryoplants upgrade

24 64

Symmetrical

88

LEP,

0

NbCu

64

Pt 8

NbCu

88

Totals

Cul

52

it Points 4 and 8

80 88 0

it Points 2 and 6

88 88 0

Nb

24

24

24

ill even Points identical

NbCu

280

312

328

Total MV max

(MV)

3211

3390

3554

Table Alb: Energy and luminosity (limiting parameter underlined)

Phase

XI

1)
X2

1)
X3

1)

MV

max

(MV)

3211

3390

3554

E

max

(GeV)

100.2

101.6

102.8

MV

oper.

(MV)

3047

2802

3227

2955

3390

3104

E

oper.

(GeV)

98.9

96.9

100.3

98.2

101.6

99.4

beam

(mA)

7.12

7.34

7.32

Beam

Power

(MW)

38.5

42.0

44.0

0.0316

0.0313

0.0300

LQUX

1031 cm"2 s"1

9.7

10.0

9.7

HOM

Power/cavity

(W)

991

1054

1048

1) Figures for an accelerating gradient reduced by 0.5 MV/m.
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A.3 Taking out Bunch Trains separators to make Room
for Cavities (Y Phases)

The phases described in the following are additions relative to Phase IV. Tables A2a and A2b
summarize cavity number and distribution, expected energies and luminosities for the phases
Yl to Y3 described below.

A.3.1 Addition of a Set of 48 SC Cavities (Points 4 and 8, Phase
Yl)

The replacement of the separators with sc cavity modules is a relatively simple operation at
Points 4 and 8, as the cryogenic transfer lines were foreseen for feeding those modules and the
RF cabling for them was already made before the choice of installing separators. Klystrons and
circulators were also already foreseen there. As originally foreseen, waveguides and controls
can be installed there during a winter shutdown. Phase Yl corresponds to Phase XI plus 16
sc cavities, the corresponding layout is shown in Fig. A4.

Table A2a: Cavity distribution

Phase

(Cavity type)

Yl

Point 2

Cu

26

Nb & prot.

24

NbCu

40

P t 4

NbCu

96

Pt6 J
Cu

26j

NbCu

64

P t 8

NbCu

96

Totals

Cu

52

Nb

24

NbCu

296

Total MV max

(MV)

3374

ZLs removed, filling Points 4 and 8 with SCCs

Y2

Y3

0

0

24 64 96 0 88 96 0

ZLs removed, filling also Points 2 and 6 with

24 72 96

All-out Maximum

0 96 96 0

Energy configuration

24 344

SCCs

24 360

3717

3880
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Table A2b: Energy and luminosity (limiting parameter underlined)
LEP 2 LAYOUT PHASE Y1

Phase

Yl

1)
Y2

1)
Y3

1)

MV

max

(MV)

3374

3717

3880

E

max

(GeV)

101.4

104.0

105.3

MV

oper.

(MV)

3211

2952

3554

3254

3717

3404

E

oper.

(GeV)

100.2

98.2

102.8

100.6

104

101.8

ill

4.00

4.00

4.00

Beam

Power

(MV)

22.8

25.2

26.5

(bb

0.0342

0.0317

0.0305

1031 cm"' s"1

5.9

5.6

5.5

HOM

Power/cavity

(W)

626

626

626

1) Figures for an accelerating gradient reduced by 0.5 MV/m.

A.3.2 Addition of a second set of 48 SC cavities (Points 2 and 6,
Phase Y2)

At Points 2 and 6, the simple section of the cryogenic transfer line between QS6 and QS7
can be replaced with a new section equipped for feeding a module. The RF power could be
provided by the klystrons driving a neighbouring group of modules, considering that with only
four bunches only half of the previously provided RF power will still be needed. The 52 Cu
cavities would be replaced by 32 sc ones as for Phase X2, the corresponding layout is shown in
Fig. A5.
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Fig. A5

A.3.3 Identical RF Layouts (Phase Y3)

The reach the maximum number of 384 cavities that can be installed in LEP, one has to
make all accelerating sections identical, allowing thus to add a final set of 16 sc cavities, the
corresponding layout is shown in Fig. A6.
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12

x— p.
CRYOGENIC TRANSFER LINES

CRYOGENIC TRANSFER UNES

Fig. A6
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A.4 Schedules and cost estimates for the X and Y Phases

From the considerations given in Chapter 4 of this note, it can be inferred that about 30 to
36 months (a cryoplants upgrade requires two years after contract adjudication), depending on
the phase which would be retained, are necessary for the realization of a possible next step
in energy. The complete reshuffling of the straight sections at Points 2 and 6 is guessed to
add at least 6 months to the above quoted figures. Better estimates would require at least a
preliminary planning study. The above quoted 30 to 36 months are to be understood as the
time necessary from taking the formal decision to equipment commissioning.

Concerning costs, Fig. A7 shows in graphical form the outcome of crude estimates for the
various phases. Although the cost of modules, RF power and controls, cryogenic and vacuum
equipment for the modules is known, the cost estimate for other items requires more work.
Among the latter, one can quote the cost (estimated here at 3.5 MCHF per plant) for the
partial upgrading of the cryoplants, the cost of industrial support and the cost of making the
layouts of all even Points identical.

90.0 91.0 924 93.0 94.0 95.0 96J 97.0 98j0 99.0 100.0 101.0 1024 103.0 1M.0 105.0

Figure A7: Upgrade Costs vs Operational Energy. Phases Illb and IV: Final Estimates.
Phases X, Y: Preliminary Estimates.
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Working group: A. Ball, D. Bourilkov, C. Bovet, V. Brigljevic, H. Burkhardt, T. Camporesi,
W. Coosemans, P. Estabrooks, M. Fanti, F. Filthaut, R. Forty, F. Harris, R. Hawkings,

G. von Holtey, M. Jacquet, P. Janot, M. Lamont, L. Ludovici, E. Migliore, J. Putz,
M. Rescigno, J. Rothberg, P. Roudeau, 0 . Schneider, P. Siegrist, F. Tecker, E. Vallazza,

S. Wasserbaech, P. Weber, J. Wenninger

1 Beam Induced Particle Backgrounds

From the two main types of beam induced particle backgrounds to the LEP experiments—off-
energy electrons and synchrotron radiation (SR) photons—only the latter is expected to increase
with beam energy. The rate of off-energy electrons produced by beam-gas Bremsstrahlung is to
first order independent of beam energy. The second source for off-energy particles, scattering of
beam particles from thermal photons, is energy dependent but does not add to the off-energy
background to the experiments. The number of radiated SR-photons in magnetic quadrupolar
fields, as well as the critical energy of the spectra, increases sharply with beam energy and would
lead to unacceptably high photon background levels at 90 GeV [1]. To cope with this situation,
the background protection system had to be upgraded for LEP2 by adding collimators, enlarged
vacuum chambers, photon absorbers and in particular synchrotron radiation masks close to the
IPs [2]. All these additional elements will be in place for 1996 [3].

The SR-photon background rate is difficult to calculate as it is strongly dependent on several
optics and beam parameters, which are not all known. The estimates given below must therefore
be used with great caution. Apart from the beam energy, the most sensitive parameter is the
beam size in the horizontal plane and the particle density distribution far into the horizontal
tails. The photon rate at the detectors increases typically by a factor of ten when the beam
distribution is changed from a gaussian to an exponential density distribution with constant
RMS beam size (see Fig. 1). For small emittances and high energies this factor can be as large
as 40. It is this effect, the build-up of non-gaussian tails with high currents near the beam-beam
limit, that can make the SR-photon background increase faster than linear with beam current.

The exponential increase of the photon rate with increasing beam emittance, mainly due
to small angle back scattering, made the introduction of SR-masks for LEP2 necessary, as the
nominal horizontal beam emittance for LEP2 is e* = 50 nm (for the 90° optics). The effect of
the SR-masks is seen in the simulation results of Fig. lb, where the sharp exponential rise of
the photon rate is much reduced for emittances larger than 35 nm. However, in spite of the
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Figure 1: Simulated photon background rates as a function of the beam energy (a) and the
horizontal beam emittance (b). The results are valid for IP6, equipped with all additional
LEP2 background protection elements, including SR-masks.

protection by masks, the expected rate still rises by a factor of more than 10 if the emittance
is increased from 30 nm (108° optics) to 50 nm (90° optics).

With constant emittance the SR-photon rate at the detectors is expected to increase by
about a factor of ten when doubling the beam energy from 45 to 90 GeV (Fig. la). This factor
can be compensated for if, as it is now planned, the 108° optics is used at LEP2.

The above arguments hold strictly only for a machine without bunch trains. The vertical
separation bumps needed for bunch trains are a source of additional particle backgrounds [4].
However, with reduced beam-beam effects at high energy, smaller separation can be tolerated,
thus keeping the separation bump amplitudes well below the threshold value above which the
photon background rate has been seen to rise very rapidly. The main effect of bunch trains
on the background situation at LEP2 is therefore to increase the sensitivity of the machine
to beam instabilities, which lead to blow-up of the beam size, and consequently to increased
background rates.

The expected SR-photon background rate, per unit beam current, at the W-pair energy is
more than one order of magnitude higher than at 45 GeV with the 90° optics and about the same
if the low emittance 108° optics can be used. Therefore the expected particle background is a
strong argument in favour of the 108° optics. Running LEP at the energy limit (corresponding
to zero 'missing cavities') may produce unstable beam conditions with small beam lifetimes
and occasional significant beam losses with the consequence of large beam backgrounds in the
detectors.
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2 Luminosity Lifetimes at LEP2 Energies

Beam lifetimes in LEP1 are well understood, they are limited by beam-beam collisions [5].
For single or separated beams the dominant lifetime limitation is due to scattering on thermal
photons and only in second place due to beam-gas scattering.

Losses from scattering on thermal photons will increase with beam energy. The black body
photon radiation is effectively boosted twice by the Lorentz factor gamma of order 10s in the
Compton scattering process. The mean energy loss induced by this process increases from 1.1%
at LEP1 to 2.2% at LEP2, thus resulting in a shorter lifetime [6].

Beam lifetimes reduce significantly when beams are brought into collision. The dominant
process for beam lifetimes is Bhabha scattering with very small scattering angle but non-
negligible energy loss by radiation of a photon in the initial state. The process of radiative
Bhabha scattering as lifetime limitation is often referred to as beam-beam Bremsstrahlung.
The full kinematics of the process and the introduction of a cutoff parameter corresponding to
the mean half-distance between particles in the bunch is discussed in [7]. The cross section for
LEP is approximately independent of energy and about 0.21 barn.

For fixed beam sizes, luminosity increases quadratically with beam currents. Above a certain
current per bunch, beam sizes will start to increase by the beam-beam effect. This corresponds
to operation at the beam-beam limit, characterized by a constant beam-beam tuneshift and
a linear increase of luminosity with current. The relative strength of the beam-beam effect
decreases with beam energy, therefore more collisions should be possible at higher energies
for the same beam current. This results in lower lifetime from collisions at the IPs at higher
energies. The typical contribution to beam lifetimes for LEP1 and LEP2 is given in Table 1.

Table 1: Contributions to the beam lifetime at LEP1 and LEP2

Process

Thermal photons

Beam gas

B .B .Bremsstrahlung

Total

LEP1

88 h

200 h

25 h

17h

LEP2

50 h

200 h

12.5 h

9.5 h

Beam lifetime and luminosity lifetime are equal for operation in the beam-beam limit. This
was the case for LEP1. At high energies, the beam-beam limit will be at higher bunch currents
and the luminosity lifetime is expected to become 1/2 of the current lifetime towards the end
of coasts.

The optimum time in coast has been studied with a program that simulates beam lifetimes
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and the beam-beam effect for various single beam sizes [7]. The result is typically a 6 hour
coast for LEP2, compared with 10-12 hours for LEP1. However the maximum is rather flat
and the integrated luminosity decreases only slowly if coasts are kept longer.

3 Beam Spot Position Measurements

A knowledge of the transverse position of the LEP luminous region (beam spot) at the inter-
action points is useful in identifying long lived particles (primarily b quarks) that decay some
distance from their production point. At LEP1, the high rate of tracks from Z" decay allows the
beam spot position to be determined with high accuracy (<rx ~ 20 fim, crv ~ 10 /im) typically
every few minutes. Movements of up to 100 fim or more are observed during the course of some
fills.

At LEP2, the event rate will be much lower, and such an accurate beamspot determination
will not be possible using tracks. The track rate will be dominated by two-photon (77) events,
which will provide a limited beamspot measurement. However the LEP beam orbit monitor
(BOM) system [9], [10] provides an alternative method to monitor short term movements,
and this has been extensively tested using LEP1 data. Unfortunately, displacements of the
superconducting low-beta quadrapole magnets (QSOs) either side of each interaction point can
cause movement of the beam spot not seen by the BOM system, so the QS0 positions must
also be monitored to produce an accurate measurement.

3.1 Beam Spot Position Requirements

Tagging of b quarks at LEP2 is primarily required in the search for H —» bb. The primary vertex
position is constrained by the beam spot, but the size of the luminous region (approximately
150/tm in x and 5fiva in y) must also be taken into account. Thus an accurate beam spot
position is much more important in the vertical (y) than the horizontal (x) direction. Knowl-
edge of the beam spot position improves the performance (efficiency vs. purity) of b-tagging
algorithms, and translates into an increased Higgs sensitivity for a given integrated luminosity.

The requirements have been studied in detail by the LEP experiments. The ALEPH study
[11] simulated the process e+e~ —> Huu, H -» bb together with appropriate backgrounds. An
impact parameter based 6-tag was used together with appropriate kinematic cuts. The beam
spot position resolution was varied between 10 fim and lcm. A resolution of 100 ̂ m in 1
and y was found to give a 10% reduction in the integrated luminosity needed to discover an
80GeV Higgs at s/s = 175 GeV, compared to the situation with no beam spot measurements.
Improving the beam spot resolution below 100 ̂ m brought little further gain in integrated
luminosity.

A similar study performed by L3 [12], found that the absence of beam spot information
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would lead to a 20% increase in the integrated luminosity required to discover an 80 GeV Higgs
at \/s = 190 GeV. Full 6-tagging performance was achieved with a resolution of 150/im in *
and 50 ftm in y. In DELPHI [13], the effect of removing the beam spot information in Z —> bb
events was found to reduce the event tagging efficiency by 10%, and no improvement was found
for resolutions below 20 /im.

These studies show that extremely accurate beam spot measurements are not required, and
the gain in 6-tagging power is not very large. However, being conservative, and bearing in mind
the likely small number of candidate events, a target of 100 /im in x and 20 fan. in y has been
set and agreed upon by all the experiments.

3.2 Measurement from Two-Photon Events

The cross section for 77 events at LEP2 is much higher than at LEP1, and is the dominant
source of tracks, which can be used for measuring the beam spot position. If the rate is high
enough, they may be used to follow movements during a fill, otherwise they will be useful in
providing an absolute position measurement on a fill by fill basis.

The tracks from 77 events have an angular distribution peaked in the forward direction, and
a steeply falling momentum spectrum. Hence the rate seen in detectors depends critically on
the acceptance and trigger momentum thresholds. In ALEPH [14], 77 events were simulated
at ^/s = 175 GeV, and the beam spot determined using all events with at least one track with
momentum greater than 0.3 GeV in the vertex detector. Chunks of 3.6 nb"1 gave a beam spot
position accurate to 42 /im in x and 32 /im in y, corresponding to a 1% loss in effective luminosity
in the Higgs search. Chunks of 60 nb"1 gave a measurement accurate to around 10 /tm in x and
y, corresponding to around 30 minutes running at a luminosity of 3 x 1031 cm~2s~1. The Monte
Carlo was cross-checked with 77 data taken at yfs = 89.4 GeV, and found to be in reasonable
agreement [15].

In OPAL, simulated 77 events tagged in the forward and luminosity calorimeters were
studied [16], using a more restrictive event selection requiring at least 2 charged tracks with
PT > 0.25 GeV in the central jet chamber acceptance. This yielded a measurement of 15 fim in
x and 10/im in y for lpb" 1 (a 9 hour fill at 3 x 1031 cm~2s~1). Using untagged 77 events and
a px > 1 GeV requirement on the tracks gave a similar resolution for just 150 nb"1 [17]. This
is similar to the ALEPH result taking into account the tighter tracking cuts used.

These results show that a reasonable beam spot measurement should be possible from 77
events, tracking movements over the time scale of 1 hour to better than the required accuracy.
However, the event selection may be vulnerable to background contamination, and the beam
moves around on shorter time scales, so it is worth using the BOMs to improve the accuracy
of the beam spot measurements.
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Figure 2: Schematic showing the positions of BOM pickups and QSO magnets relative to the
interaction point.

3.3 Measurement using BOM pickups and QSO monitoring

Several sets of wide band BOM pickups, measuring the beam x and y positions, are installed
on each side of each interaction point (see Fig. 2). Knowledge of the LEP beam optics and
corrector magnet strengths allows the beam positions to be extrapolated to the interaction
points themselves [18]. These extrapolations were performed for a few selected fills in 1994 data,
and the results compared with beam spots measured from tracks by the four LEP experiments
[13], [16], [19], [20]. While it was found that the BOM system had the potential to perform
a measurement to the required accuracy, there were severe systematic problems associated
with movements of the QSO magnets over time. If the QSOs on either side of the IP move
symmetrically, a '7r-bump' is created in the machine which changes the IP beam spot position,
but is not seen by the BOMs which are outside the QSOs.

Two major improvements were implemented in 1995. Firstly, the BOM extrapolation was
implemented online, with the results being stored in a database accessible to the experiments
[23]. This calculation was active for the majority of the 1995 Z° scan period. Four indepen-
dent measurements of each coordinate were calculated, using BOM data for the incoming and
outgoing beam on each side of the experiment. Secondly, the QSO magnets at IP2 and IP8
were instrumented with hydrostatic level measuring equipment, and ALEPH and DELPHI also
installed their own monitoring of the QSO positions relative to the experiments.

The hydrostatic level systems consist of capacitative liquid level measuring sensors mounted
on the tunnel floor, the QSO support girders and the magnets themselves [24]. These are
currently installed in IP2 and IP8, and will be installed in the other two interaction regions
during the 1995-1996 shutdown. The DELPHI luminosity calorimeter (STIC) is attached to
their QSO support structures and movements relative to the main detector are measured by
several pin potentiometer probes [22]. This system was installed in 1994, and has an intrinsic
resolution of a few microns. For the 1995 run, a similar system was installed in ALEPH,
monitoring movements of the QSO supports relative to reference surfaces attached to their
main detector [21].

Movements of the order of 50 /tm in the QSO vertical position have been seen in all these
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systems, and correlated with the currents in the QSO magnets. Slow drifts are observed when
the currents are changed, consistent with thermal effects due to the currents in the QSOs and
bus bars. Sudden jumps and movements in the horizontal direction are also observed, and are
not yet fully understood.

Consideration of the LEP beam optics shows that the beam spot position at the IP yip can
be estimated from the BOM extrapolation from the left side of the IP, yaoM.L, and from the
position of the left QSO, VQJ,'-

DIP = VBOM,L + OVQ.L (1)

and similarly on the right side. The best estimate is obtained by averaging the BOM (ysoiu)
and QSO (yg) data on both sides:

yip - VBOM + otyQ (2)

Thus asymmetric movement of the QSOs has no effect at the IP, whilst symmetric motion causes
the largest effect. The parameter a is expected to have the value 1.4 [18].

The correlations between beam spot measurements from tracks, those from the improved
BOM extrapolations and QSO movements were studied by ALEPH [21] and DELPHI [22]. In
the ALEPH study, the data were normalised by assuming a constant offset between the ver-
tex and BOM measurements throughout the 1 month data taking period. The RMS of the
difference between vertex and BOM measurements was then taken as a measure of the BOM
measurement resolution, after subtracting off the component from the vertex beam spot reso-
lution. Using BOMs alone gave a resolution of 42/im in x and 14 /im in y, a clear improvement
on the 74 /im and 27 /un obtained assuming a constant beam spot position instead of the BOM
measurements. Correcting the BOM measurements using the measured QSO displacements im-
proves the resolution in y. The QSO movements on each side contribute to the improvement in
a consistent manner and the best resolution of 7/tm is obtained using both sides with a = 1.06.
The potentiometers actually measure movements at the end of a cantilevered structure which
may magnify the QSO movements, so this measured value is not incompatible with the expected
1.4. A typical example fill is shown in Fig. 3, clearly showing the agreement between both sides
and the improvement that can be gained in the vertical plane using the QSO information. Dur-
ing the first few hours of this fill, the QSOs on either side of ALEPH moved by 40 and 70 /an
respectively. Movements in the horizontal plane are less well understood, and no significant
improvement was obtained when applying a QSO correction.

The DELPHI study considered movements of the beam spot during fills, the data being
normalised to the difference in average BOM and vertex detector beam spots in each fill. Using
the STIC probes to correct the BOM measurements, an improvement was seen in the y direction,
the BOM resolution being reduced from 8 to 6/un with a = 1.4. A similar improvement was
also found using the hydrostatic level measuring system to monitor the QSO positions. The
beam spot movement within a fill has an RMS of 9/zm in y, so the improvement using BOMs
and QSO monitoring appears modest. However, vertex movements not seen by the BOMs of up
to 80/im have been seen in some fills, and these are nicely tracked by the QSO monitoring. A
nice example using the STIC probe monitoring is shown in Fig. 4. The beam spot movement
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Figure 3: Beam spot measurements for fill 2907 in ALEPH: vertex detector (error bars), BOM
(open symbols), BOM corrected by QSO measurements (filled symbols). Left side measurements
are circles and right side squares.

in x within fills has an RMS of 25/im, and this was not improved by using BOM and QSO
measurements.

In OPAL, measurements of the QSO position were not available from either hydrostatic or
potentiometer systems. An analysis was therefore performed using BOM information alone,
giving a beam spot resolution of 19/(in in x and 6/im in y [17], again normalising the average
positions from BOMs and vertex detector measurements in each fill. This resolution is similar
to that obtained by DELPHI after correcting for QSO motion, and suggests that the latter
effect is much smaller in OPAL. Examining the residual differences between vertex and BOM
measurements shows some evidence for systematic effects attributable to QSO movements, but
only on a scale of 10-15/im, smaller than those seen in ALEPH and DELPHI. The reason for
this smaller effect is not yet understood.

The OPAL analysis also considered the problem of establishing the absolute calibration
between the BOM coordinate system and the detector. This was done using the fill averaged
beam spot measured from tracks. By accurately determining the latter quantity using all the
tracks from Z° events, the fill to fill variation in BOM to vertex detector offsets was studied,
and i6 shown for some of the BOMs in Fig. 5. Variations of up to 100 /im in individual BOM
offsets were observed. Since no QSO corrections were applied, most of these variations may be
explained by QSO current cycling between fills. An appropriate fraction of the Z° event tracks
was then used to simulate the lower track rate from 77 events expected at LEP2. By combining
compatible offsets from adjacent runs, a resolution of 23 /im in z and 9/im in y was achieved,
not much worse than that obtained by removing fill to fill offsets. Hence the effects from BOM
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Figure 4: Beam spot measurements for fill 2945 in DELPHI: vertex detector (error bars), BOM
(open circles), BOM corrected by STIC QSO measurements (filled circles)

offset changes (probably due to QSO movement) can be partially compensated for.

The resolutions in x and y measured by the experiments in 1995 LEPl data under various
conditions are summarised in Table 2, showing that the target resolution of 100 p in x and
20 /im in y can be met. Large movements are seen in the beam spot positions during a data
taking period, though less so during the course of individual fills. These movements can be
tracked using the BOM system corrected by QSO position monitoring, which follow both the
in-fill and fill to fill variations well. It should be stressed that large deviations due to QSO
movement are sometimes seen, and that these are expected to be more important at the higher
magnet currents required for LEP2. Hence it will be important to monitor the QSO positions
continuously during machine operation.
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Table 2: Summary of beamspot requirements and resolutions measured by the experiments (see
text)

Experiment

All

ALEPH

ALEPH

ALEPH

DELPHI

DELPHI

DELPHI

OPAL

OPAL

OPAL

OPAL

Measurement

Requirement

Constant assumption

BOM

BOM+QSO

Constant assumption

BOM

BOM+QSO

Constant assumption

Constant assumption

BOM

BOM

Offset

per ml

-

no

no

no

yes

yes

yes

no

yes

yes

sim77

Resolution

x (pirn)

100

74

42

41

25

27

27

79

26

19

23

y (/mi)

20

27

14

7

9

8

6

32

10

6

9
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3.4 Conclusion

The beam spot position requirements for LEP2 and methods of meeting them have been ex-
tensively studied. A knowledge of the beam spot position helps in i-tagging, which has been
evaluated in the context of the H -+ bb search. A position resolution of 100 /im in x and 20 fim
in y is adequate, and higher precisions do not bring significant gains in physics performance.

Measuring the beam spot position from both 77 events and the BOM system has been
studied. The former may provide enough resolution by itself to monitor slow variations, and the
latter should do considerably better than the requirements when corrected for the movements of
the QSO magnets. Hence the physics requirements should be met. It is also worth emphasising
that the BOM measurements are very useful for understanding the behaviour of the LEP
machine itself.
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BEAM ENERGY MEASUREMENTS AT LEP2

Convener. M. Placidi

Working group: A. Blondel, M. Boge, C. Cecchi, B. Dehning, A. Drees, J.H. Field, J. Jowett,
T. Kawamoto, M. Koratzinos, M. Placidi, D. Plane, P. Roudeau, D. Schaile, J. Yamartino.

1 Introduction

The requirements on the accuracy in the measurement of My/ [1] based on the hypothesis of
collecting an Integrated Luminosity of about 500 pb~l (as 8000 W± pairs) in each experiment
imply statistical and systematic precisions [2]:

(AMW) = (25MeV/c2)
•yrt (1)

To cope with the requirements (1) the systematic error induced by the knowledge of the absolute
average beam energy should be of the order of

£Eb«m<15MeV or < 1.7 x 10"4
(2)

The accuracy in the beam energy determination highly depends on the availability of transverse
polarization (P±) to apply the Resonant Depolarization (RD) method for energy measurement [3].
Application of the RD method provides an instantaneous precision of < ±1 MeV with >5%
transverse polarization.

Prospects for transverse polarization at energies higher than LEP1 are discussed in Section 2
where a Maximum Polarizable Energy E^^ > 60 GeV is anticipated.

The problematics of beam energy measurement in conjunction with the experimentation at
LEP2 has been examined in a twofold approach.

Two methods whose accuracy requires cross-calibration with precise energy measurements
with the RD method are discussed in Sections 3 and 6 together with considerations on attainable
accuracies, feasibility and technical implications for the machine.

Alternative scenarios have been considered and conclusions are reported in Sections 4 and 5.

2 Transverse Polarization beyond Z°

Prospects for transverse polarization beyond Z° energy are based on assessment of the
strength of depolarization effects at higher energies. The asymptotic polarization level is

P - 8 1 / «

59

where l/rp and 1/rj are the rates of self-polarization and depolarization of the beam.
Although the rate of radiative self-polarization increases with U5, the depolarization effects due
to resonances driven by machine imperfections also increase rapidly with energy.
In the simplest model of resonant depolarization the net result is that the ratio Tp/rj ~ a-E2.
The parameter a can be chosen to reproduce the polarization level attainable at the energy of
the Z. It can be controlled by the application of techniques of orbit control and spin harmonic
compensation.
It is known however that depolarizing resonances are further enhanced by the increasing energy
spread in the beam. Despite some lack of confidence in the calculations of these effects in the
past, experimental tests with wigglers at LEP1 have given results consistent with theory [4].

Recently the theory has been used [5] to compute optimum combinations of beam energy
and RF voltage (controlling the synchrotron tune). By using more RF voltage than normally
necessary at a given energy, these could provide conditions of maximum polarization. First
indications are that polarization levels of 10% should not be out of reach at energies of 60 GeV
or beyond. Calculations along these lines and simulation work will continue.

3 Energy calibration using present techniques

The default scenario for beam energy calibration at LEP2 is as follows:

• Precise calibration will be performed with resonant depolarization at energies where it
has proven to work reliably. A first choice is an energy corresponding to LEP1 (around
45 GeV). A second one, jEb«un = -̂ mMci V!^ be the highest where polarization in excess
of at least 5% can be reliably obtained. This second energy, expected to lie in the range
60-75 GeV, will be left as parameter in the following discussion.

• Extrapolation to the higher energy will be made in two ways:
i) using the flux-loop which provides a calibration of the non-linearity of the ensemble of
the LEP dipoles and
ii) using a set of NMR probes which will provide a precise (10~6) measurement of the
local magnetic field in a sample of LEP magnets.

• On-line monitoring of the energy will be provided by
i) the field information from the in-situ NMR probes;
ii) recording of the horizontal orbit and
iii) recording of various parameters of the RF system and its asymmetries.

This is a straight extrapolation of the techniques used so far for the successful scan of the Z°
line shape.
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3.1 Present experience on the LEP Energy

The LEP beam energy is affected by a multiplicity of effects, which induce variability in time
and deviation of the center-of-mass energy from ECM = Et+ + E€_. Some of these effects are
well known. They include

• variations of the LEP circumference due to ground motion. This category includes earth
tides, lake level, and other ground swelling. These effects can be corrected using measured
orbits and the known momentum compaction factor, down to a precision of a 1-2 MeV.
It should be born in mind that they vary with the horizontal tune so that if it were to
be changed from the present 90 degrees phase advance per cell, a new measurement of
the compaction factor should be foreseen. This is not expected to cause a problem or a
substantial error. Also, this means that regular calibrations at a suitable energy should
be performed to avoid systematic drifts in the orbit offsets.

• Variations due to characteristics of the LEP dipoles. It is known that the magnetic field
in the LEP dipoles increases slowly during a fill. This effect will be less severe at LEP2
due to shorter fills. Furthermore, the rise can be monitored by placing NMR probes inside
some of the LEP magnets. In 1995 two such probes were installed, and were most useful
in understanding the LEP energy, which they seem to track with a precision of better
than 3 MeV. It is foreseen that a larger number of such probes will be present in the
future, allowing better sampling, and hopefully smaller errors.

• Temperature variations are no longer a problem since temperature regulation of the cool-
ing water has been implemented.

• Variation in the RF voltage distribution around the ring. A good understanding of these
effects requires logging the status of all RF stations, (voltage and power). In addition
measurement of the phase of the cavities should be performed a few times a year. Control
of these effects can be obtained by measurements of the longitudinal position of e+e~
interactions vertices in the LEP detectors, as well as with measurements of the difference
in horizontal orbit between electrons and positrons in the arcs (saw-toothing monitor).
The size of effects is expected to grow at LEP2 according to the large RF power in
operation. The precision of the monitoring should remain similar.

• Systematic effects on the CM Energy at each Interaction Point caused by residual vertical
dispersion and small collision offsets [6] when operating LEP in bunch-train configuration
have been simulated [7] and found to be in good agreement with the measurements. The
strategy proposed to minimize the CM energy shifts [8] was applied with appropriate use
of the Vernier Scan technique [9] during the 1995 Physics Run [10].

Once these effects are corrected for, an r.m.s. scatter of < 10~4 on the beam energy is to
be expected. To know the average of the two reference polarization-calibrated energies with a
precision of the order of 2 MeV it can be envisaged to perform, once every two weeks or so, a
calibration at 45 GeV and at E™x during a dedicated ramp.
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3.2 The Flux-Loop

It is expected that the main uncertainty will then come from having to extrapolate from these
energies up to the operating higher energy. The error comes primarily from the uncertainty in
the knowledge of the linearity of the magnets. In absence of a direct measurement of the beam
energy, this can be obtained using the flux-loop technique.
At the construction of LEP, an electrical loop was inserted around the pole tips of every magnet
in the ring. The voltage induced in the loop when the whole dipole system undergoes a magnetic
cycle of a given excursion allows a measurement of the variation of the magnetic flux up to
beam energies of 100 GeV. The response curve of the magnets can be obtained to an absolute
precision only at the level of ~ 5 MeV. However the linearity can be rather well determined.
Better measurements might be obtained by comparing with the NMR probes in the reference
magnet and in the dipoles in the tunnel. The process of cycling the magnets is repeated several
times, providing an estimate of the short term reproducibility which is found to be at the level
of a few 10~6. The long term reproducibility was found to be more at the level of 2 x 10~4,
however the reproducibility of the derivative from 40 to 65 GeV is much better.
In the LEP2 era, the flux-loop calibration will be extended up to 100 GeV. Regular flux-loop
measurements should be performed. The accuracy on the extrapolation has been estimated as
follows:

• First, the uncertainty stemming from the resonant depolarization results was estimated
using linear extrapolation error formulae. This would be the case if one could trust with
nearly infinite precision the non-linearity curves from the flux-loops. The resulting curves
are shown in Fig. 1 for two values of the energy to which one extrapolates, as a function
of the maximum polarizable energy E™x.

• Second, the uncertainty coming from uncertainties in the non-linearity coefficient. Here
a worst case estimate can be obtained by assuming that the non-linearity coefficient is
totally unknown, and only inferred from the resonant depolarization energies themselves.
This is obviously too pessimistic in view of the above discussion. The resulting dependence
on the maximum polarizable energy is shown in the curves labeled 'quadratic'.

• Finally, the flux-loop information is added assuming a conservative 2 x 10~4 precision.
The results are shown in Fig. 2 and summarized in Table 1.
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EXTRAPOLATION FROM E!!°'

LINEAR TO SO.S GEV

QUADR. TO 3O.5 GEV

LINEAR TO 95 GEV

QUADR. TO 95 GEV

Figure 1: Accuracy A£be«m from linear and quadratic extrapolations from an intermediate
Energy point to £b«m=80.5 GeV and 95 GeV.

EXTRAPOLATION FROM l
Using the FLUX-LOOP

PRECISION at 95 GEV

PRECISION at 8O.S GEV

Figure 2: Accuracy Ai?bi«m for quadratic extrapolations from an intermediate Energy point
to .Ebe«m=80.5 GeV and 95 GeV, including flux-loop information assumed a 10~4 conservative
precision.
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Table 1: Uncertainties (MeV) from Flux-Loop Extrapolation to two operating Energies and
for two values of E%£x in the conservative assumption of using 'quadratic' extrapolation and a
precision of 10~4 on the flux-loop measurements.

Contribution

pPol
max

FLE extrapolation

RD calibration

Central Orbit Uncertainty

Dipole temperature correction

RF and collision offsets

Total

Uncertainty
£b«m=80.5 GeV
60 GeV
<±12

65 GeV

<±7
±2
±3
±2
±2

<±13 <±8.5

J5b«m=95.0 GeV
60 GeV
<±18

65 GeV

<±14
±2
±4
±2
±3

<±19 <±15

3.3 The NMR probes

A possibility to estimate the operating energy is to make use of the NMR probes in a sample
of LEP dipoles in the tunnel. The limitation is not in the accuracy in the measurement of
the magnetic field, good to ~ 10~6, but in the fact that the NMR's sample a very small
fraction of the guiding field. However, it is expected that the behavior of the LEP dipoles is
sufficiently homogeneous to warrant that the 8 NMR probes foreseen to be installed will provide
adequate sampling. The calibration of the absolute scale will be provided by comparing with
the RD measurements. How well the NMR's sample the non-linear behavior of the LEP dipoles
will be determined using the two available polarizable energies. At LEP1 in 1995, with two
NMR's, the energies were tracked with a precision of ~ 3 MeV. This figure should be even
better at LEP2 with a larger number of probes. The associated error will be measured directly
using data, but it seems likely it will be less than 10 MeV.

3.3.1 Summary

It is seen that polarization at 60 GeV would be sufficient to derive the beam energy at the
W± pair threshold (80.5 GeV per beam) with sufficient accuracy. Polarization at 65 GeV
should be enough to safely infer the beam energy with a precision of better than 15 MeV over
the whole energy range of LEP2. This conservative estimate should be reduced to 10 MeV or so
when several flux-loops will have been performed and compared with the results of the in-situ
NMR probes.
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4 Heavy Ion Acceleration

The possibility of injecting and accelerating He or Pb Ions, less relativistic than protons,
(Heavy Ion Acceleration, HIA) has been proposed [11] inspired from an original experiment
[12] where the speed cj3p of protons circulating on the same orbit of electrons was measured to
determine the common value of the momentum pt = pp — mpcj3p-fp.
The attainable accuracy at the LEP2 energies is indeed very good for Helium and Lead Ions:

£E = 7 » ^ ~ 1.5*10-
V P

(4)

The implementation of the method would require important investments to equip LEP with a
variable frequency RF system to track the speed of ions during the acceleration phase, and the
experiment could probably be performed only once a year.

5 Visible Synchrotron Radiation

The use of Synchrotron Radiation in the visible range has been investigated [13] as a possible
method to achieve high precision absolute beam energy measurements with accuracies in princi-
ple higher than magnetic spectrometers. The method is based on the comparison of the photon
flux transmitted by high precision slits intercepting two well defined fractions of the S.R. cone
of emission. The use of visible light is suggested to allow the adoption of standard optical
components as an advantage w.r.t the X-ray techniques to amplify the narrow emission angles
of radiation to a magnification M=100. The proposed technique has not yet been investigated
experimentally as it makes use of selecting slits requiring high precision tolerances both in the
machining process and in the positioning in the ring. Besides these implications the accuracy of
the method relies on the precise knowledge of the magnetic field at the emission point selected
by the optical setup. Calculations performed at the CEBAF energies (0.5 to 4 GeV) anticipate
a 10~4 absolute accuracy. Application of the method mainly addresses to Experimental halls
or to energy-feedback applications for Linear Accelerators.

6 M0ller scattering

Another possibility to directly measure the beam energy at LEP2 is offered by the M0ller scat-
tering technique (MS) [14]. The absolute energy scale would be established by cross-calibration
with RD at any convenient low energy (say Ebt*m = 50 GeV), and the MS technique used at
higher energies. By use of a symmetric detector it is, in principle, also possible to measure
the energy of the e+ beam, using Bhabha scattering. However space limitation in LEP may
preclude this possibility.
The Mgller scattering provides a continuous measurement of the beam energy at the
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gas Target location. The knowledge of the beam energy at the four experiments must be
derived from this measurement with reasonable monitoring of the time evolution, during the
measuring time, of the horizontal orbit as well as of the RF parameters.

6.1 Basic Method

The energy .Ebe»m is determined by measuring 8 and K in the two body kinematic relation for
elastic scattering on a target electron at rest:

8me

- m e

where 8 is the 'opening angle' between the two scattered electrons (Fig.3):

8 = tan 0i + tan 02

(5)

(6)

The scattered electrons are detected in a near-symmetric configuration (i.e. E\,2 — E\maa/2
and 81 ~ 82) and the opening angle 8 has a minimum value for 8\ = 82:

- V i
8

+
(7)

The value of 8min ranges from 9.53 to 6.73 mrad at £be«n =45 GeV to 90 GeV respectively.
The parameter K = cos 8' can be determined from the quantities in the laboratory system:

tan 81 - tan 82

K = — or K —
+ m, E, - Et

(8)
tan 8\ -t- tan 02 -£̂ >eam — ffh Ej -f- E%

The proposed detector is shown schematically in Fig. 3. It consists of the following elements:

• A hydrogen gas jet target (GJT) similar to that used in the UA6 experiment [15]. The
bound electrons of the hydrogen atoms serve as target.

• A silicon micro strip detector (SMD) with full azimuthal acceptance and a polar angle
acceptance from 2 to 10 mrad measuring (r, 4>) co-ordinates in the transverse plane.

• A high resolution electro magnetic calorimeter (ECAL) with a similar angular coverage.

• Small silicon micro strip detector planes in vacuum, close to the GJT, to detect recoil
protons from elastic e-p scattering.

66



Silicon Microstrip Detector Electromagnetic Calorimeter
(ECAL)

Figure 3: The M0ller detector.

Two different determinations of .Ebe»m> with very different systematic errors are possible de-
pending on how the parameter K in eqn. (5) is measured:

jp Tp m __ / Tp Tp \ It Tp | Ttp \ {Q\

•Ebe-n = EB : KB = (tane1-ta.n92)/8 (10)

Ex uses both the SMD and the ECAL but is independent of the beam position, whereas EB
uses only the SMD and requires the beam position to be known.
To study the required precision for the quantities 8, KA, KB we derive from eqn. (5):

80
= - 2 — + 2 • 8K -

here = K + 6K is the measured K (KA or KB). Eqn. (11) indicates that 1 MeV precision on
£b«un at 90 GeV requires knowing 8 to 5 x 10~6. The corresponding tolerances on L and / (30
m and 20 cm for 8 = #„,,„) are 150 /im and 1 /im respectively. This level of survey accuracy
is challenging but not unrealistic. Compared to this absolute accuracy, the requirement on the
resolution of / is much looser. The beam energy has an intrinsic spread of <TE/E = 1.5 x 10~3,
(hence a\jl = 0.75 x 10~3). There is a similar size effect from Fermi motion of the target
electrons. Thus the position resolution of SMD can be at a level of 50 (an, easily achieved by
the standard silicon micro strip detector technology.

To estimate the statistical error on the £bewn measurement we consider the centre of mass
cross section for Miller (e~e~) scattering, integrated over the angular range —CQ < cos#* < CQ:

_ W cp(9 - eg) (12)

The 2 mrad minimum scattering angle accepted by the detector corresponds to the center of
mass acceptance of CQ = 0.479 at 90 GeV. The accepted M0ller cross sections is 15.5 (ib. With
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a luminosity on the target electrons of 4 x 1031 cm"2 sec 1 [14] the M0ller event rate is

rM = 620 Hz (2.2 x 106 events/hour). (13)

The statistical accuracy estimated from the Monte Carlo simulation described below is typically
2 MeV for a sample of 106 events at 90 GeV, which can be collected in about 30 min. The
statistical error after a measuring time tm is then:

1.4
~ _ ^ MeV hr1/2 (~ 2 MeV in 30 min data taking). (14)

In the case of Bhabha (e+e~) the scattering cross section is about 1/4 of that for M0ller
scattering and the statistical error two times larger. The statistical error is thus sufficiently
small compared to the goal of 1-2 MeV overall accuracy.

6.2 Simulation of Systematic Effects

In order to assess the systematic effects, a Monte Carlo study was made with realistic assump-
tions. Radiative corrections, Fermi motion and ECAL resolution are considered together with
beam energy spread, size and angular divergence [16]. The effect of each individual contribution
was studied with the following parameters for our model:

SMD acceptance

ECAL acceptance

ECAL resolution

Beam size

Divergence

Energy spread

30 m

2.00 - 6.00 mrad

1.67 - 6.33 mrad

<rE/E = 3.37/£(GeV)1/4%

<rx = 1.54

(Tx. = 28.5

aE = 125 MeV

<rv = 0.54 (mm)

<Ty> — 5 . 0 /irad

(Eo = 90 GeV)

All of these effects were incorporated in a Monte Carlo event generator. The results presented
below used a modified version of the Bhabha event generator BHAGENE3 [17]. The radiative
corrections were also checked using both the M0ller scattering generator BMOLLR [18] and a
simple code based on a factorised soft photon approach [14].

6.2.1 Binding Effects

The kinematical effects due to atomic binding of the target electrons [19] are similar to those
produced by initial state radiation in that the e~e~ CM energy and the Lorentz boost between
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the e e" CM and the Lab systems are modified. If a bound electron has Fermi momentum p]
then the CM energy \fi is modified according to the relation:

(15)

where x ls *^e *agle between p/ and the beam direction. The probability distribution for
found by taking the Fourier transform of the ground state hydrogen wave function is:

dpf
(16)

where p) = 3.73 keV.
The modification of the centre of mass energy a to s' modifies the opening angle 6 accord-
ing to 89/0 = (pf/Tnt) • cosx- For a typical value of pj = p° and cosx = ±1, we find
£Eb«am/-£be»m = ±3.6 x 10~3. This causes a significant increase in the width of the recon-
structed E\>emi distribution (larger than the LEP energy spread). However, this shift averages
to zero when integrated over cos x and the net shift (due to higher order terms) is small.

6.2.2 Radiative Corrections

The main effect of photon radiation is due to initial state radiation. The CM energy and the
Lorentz boost between the e~e~ CM system and the LAB are modified. This effect modifies
8 rather than n. The consequence is a loss of statistics from the narrow central peak of i?b«am
distribution due to highly radiative events rather than its significant broadening.

6.2.3 Beam Size and Divergence

In the EB method the parameter K is defined by (6) and (7). The main sources for 8K are the
uncertainties in the beam position and the finite transverse beam size. In the worst case, when
the scattering plane is horizontal, the scatter of collision point from the center has the r.m.s of
1.54 mm. This corresponds to the shift in K of 0.015 r.m.s. From eqn. (11), the shift in the
measured Eo is estimated to be 20 MeV at Eo = 90 GeV.
In order to make a correction for this shift to an accuracy of 1 MeV, the beam size should be
known to a level of 5% relative precision. Possible ways to achieve this precision are discussed
in Section 6.3.

6.2.4 ECAL Resolution and Gain Stability

In the Eji method, The ECAL resolution <TE propagates to the resolution of KA (when K ~ 0) as
(TK/K = (1/\/2)-<TE/E. Similarly the relative gain calibration error between different calorimeter
modules leads to a shift in K. AS indicated in eqn. (11) a high resolution calorimeter is important
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to reduce the contribution from 6K2. A resolution of m 1% may be achieved at Ec = 45 GeV
using existing techniques (crystal or lead glass calorimeter). Using such a calorimeter the shift
due to the quadratic term in 8K is about 4.5 MeV at Eo = 90 GeV. To make a correction
for this shift with an accuracy of 1 MeV, the ECAL resolution should be known to a relative
accuracy of 10-20%. The resolution can be continuously monitored using electrons from e-p
elastic scattering (see Section 6.3 below). Gain calibration can be maintained by using a
suitable gain monitoring system. A precision of 0.1% level for short/medium term has been
already achieved in existing large scale calorimeters [20]. The Gain of the calorimeter can also
be checked using the electrons from ep elastic scattering. Within the acceptance of ECAL, the
energy of the electron is almost the full beam energy and varies only by 0.1% over the range of
accepted scattering angles. Thus the ECAL gain may be controlled to ~ 0.1%.

6.2.5 Simulation Results

The reconstructed Ebt*m with method B with all effects considered is shown in Fig. 4. The
systematic bias due to individual contributions as well as the overall systematic shift for both
methods A and B are summarized in Table 2. For method A the most important systematic
shifts are due to ECAL resolution and Fermi motion, whereas for method B the finite beam
size effect dominates.

-2 -1.S -1 -0.5 0 0.5 1 1.5 2

Figure 4: The reconstructed Ehnm distribution.
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Table 2: Systematic shifts (MeV) of the energy measurement for Eo=50 and 90 GeV.
Parameter

Radiative effects

Fermi motion

Beam size

Beam divergence

ECAL resolution

All effects

0.1

-1.1

0.2

0.1

-2.9

-8.9

Eo

±
±
±
±
±
±

= 50 GeV

0.2

0.7

0.1

0.1

0.2

0.8

J

0.2

-1.1

-2.0

-0.7

0.2

-6.3

±
±
±
±
±
±

0.2

0.7

0.2

0.2

0.2

0.8

-0.4

-2.0

0.4

0.8

-7.2

-9.4

E

EA

±
±
±
±
±

±

) =

0.7

1.3

0.4

0.4

0.4

1.5

90 GeV

EB

-0.4 ±
-2.0 ±
-8.1 ±
-2.1 ±
0.7 ±

-16.7 ±

0.7
1.3
0.4

0.4

0.4

1.5

6.3 Elastic e-p Scattering to monitor the Target-Detector distance

As mentioned in Section 6.1, a 1 MeV uncertainty on £bum corresponds to a relative uncertainty
in 6 of 5 parts in 106. This implies, from (4), that the distance L from the target to the detector
plane must be controlled to the same accuracy, i.e. to ±150 fim for L = 30 m.
The position and size (a few mm) of the gas jet are not stable. It is proposed to monitor
continuously the mean value of L, L by detecting and analyzing elastic e-p scattering events.
The electron and proton scattering angles are related by:

For the SMD acceptance region: 2 < 0e < 7 mrad and 50 < .Eb««m < 90GeV, 8P is limited to
the range: 71° < 6P < 87°. The recoil proton is detected, in coincidence with the scattered
electron, in the Recoil Proton Tracker (RPT) a small silicon strip detector in vacuum, built
into the support of the GJT. A similar arrangement was used in the UA6 experiment [15]. If r
is the radial distance of the e-p collision point from the RPT and, z and zp are the coordinates,
parallel to the beam direction, of the collision point and the proton hit in the RPT respectively,
then the z coordinate of the collision point is determined to be:

(18)

The resolution in z is about 500 /im, mainly due to finite beam size. The accuracy with which
the mean value of z for an ensemble of events can be determined is then completely dominated
by the statistical error a^"''/y/N where N is the number of recorded events and cr**' is the
length of the luminous region of the target, typically ~ 5 mm.

The cross section for ep scattering is 46 fib for electrons detected between 2 and 7 mrad.
If the azimuthal acceptance is 16%, the accepted cross section is 7.4 fib, or 74 events/second
with a luminosity of 1031 cm"' sec"1. In a 1 hour of data collection 2.7 x 105 events will be
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recorded and the mean longitudinal target position determined with a statistical accuracy of
10 fim. This is more than an order of magnitude better than the tolerance of ±150/zm in L
required for 1 MeV precision on

6.4 Monitoring the transverse beam profile using M0ller events

We discuss two methods to monitor the transverse beam size and its position using the M0ller
events. Since the majority of the electron pairs are coplanar, the vertex position of an event
lies on a straight line between the positions of the electrons in the SMD plane.

The beam position and profile can be measured assuming that the intersection of the line
between the two hit positions of the electrons with the nominal Y (X)-axis is, to a good
approximation, the Y (X) coordinate of the vertex position if the line is nearly parallel to the
X (Y)-axis.

The second method uses a maximum likelihood fit. The probability V to find two electrons
on SMD at (xi,yi) and (x2,3te) is calculated event by event for a certain model of the beam
profile function B(x,y;xo,yo,<Tx,crv), where (xo,yo) and (<TX,<TV) are the position and spread of
the beam respectively. For a given ensemble of M0ller events, the likelihood ln£ = ^ l n P is
maximized to obtain the beam transverse parameters.

The two methods have been tested by Monte Carlo simulation. 5000 detected M0ller events
determine the horizontal beam size to a relative precision of ~ 5 % and the mean beam position
to ~ 100 fim. This number of events can be collected in about 10 seconds (eqn. 13) hence the
beam geometry can be monitored several times per minute.

6.4.1 Summary

Two complementary methods, with different dominant systematic errors, can measure the LEP
beam energy using M0ller scattering. The calibration of all relevant parameters (calorimeter
resolution and gain, beam size and position, target detector distance) can be determined ei-
ther directly from the M0ller scattering data itself, or from concurrently detected e-p elastic
scattering events. A ~2 MeV statistical error is obtainable in 30 minutes data taking time
at 90 GeV. Detailed simulations anticipate a ~2 MeV intrinsic systematic error when cross
calibrating with the resonant depolarization. Systematic errors from the extrapolation to the
IP's of .Ebe«m measured at the Gas Target location remain to be investigated.
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7 Conclusions References

The problem of the measurement of the beam energy in LEP2 has been addressed and a se-
lection of possible alternatives to a direct application of the Resonant Depolarization Method
has been considered, namely extrapolation of Resonant Depolarization measurements based on
magnetic field information from flux-loop and NMR probes, Heavy Ion Acceleration, Visible
Synchrotron Radiation and M0ller Scattering technique.

Use of the flux-loop up to a magnetic field corresponding to a 100 GeV beam energy would
provide a calibration of the non-linearity of each octant of the ring magnetic structure.
A reasonable set of NMR probes (one per octant) will provide a very precise (10~6) and contin-
uous measurement of the local magnetic field, on-line with the operation of the machine.
Polarization at 60 GeV is shown to be sufficient to derive the beam energy at the W* pair
threshold within the required accuracy (eqn. 2). Polarization at 65 GeV would provide a 15
MeV (or better) precision over the whole LEP2 energy range.
Future experience with regular Flux-loop measurements and their comparison with in-situ NMR
probes should reduce to about 10 MeV the above conservative estimates. Both methods make
use of existing technologies and little additional equipment (NMR) is needed.

The Heavy Ion Acceleration method would provide a very high precision, but its implemen-
tation would also require important modifications in the Machine at the RF level.

The use of Visible Synchrotron Radiation seems more adapted to beam energies lower than
those available at LEP2 and to layouts, like those encountered in the Experimental Halls,
offering easier ways for light extraction.

The Mtfller Scattering method allows for continuous on-line energy measurements over
time intervals of about 30 min with an intrinsinc precision of about 2 MeV. Its implementation
requires important implications for the Machine. A reconfiguration of the magnetic structure in
the LSS of interest would be needed to provide adequate spacing between target and detector.
The method also involves the construction, installation and operation of a Gas Target whose
technical realization is estimated to be of the order of 18 months [21]. Further investigation is
needed to evaluate the systematic errors from extrapolating the local beam energy information
to the four IP's, as it will be affected by the changes in the machine conditions during the
measurement. The order of magnitude of the extrapolation errors should be similar to that
from the average Resonant Depolarization method.
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1 Introduction

1.1 Goals of W-pair production

The measurements performed at LEP1 have provided us with an extremely accurate knowledge
of the parameters of the Z gauge boson: its mass, partial widths, and total width. Except per-
haps for the bb and cc decay widths all data are in perfect agreement with the Standard-Model
[1] (SM) predictions [2, 3]. There even is first evidence that the contributions of gauge-boson
loops to the gauge-boson self-energies are indeed required [4]. Thus an indirect confirmation of
the existence of the triple gauge-boson couplings (TGC's) has been obtained.

The future measurements of W-pair production at LEP2 will add two important pieces of
information to our knowledge of the SM. One is a determination of the W mass, which at
present is only directly measured at hadron colliders. The envisaged precision of 40-50 MeV
gives a significant improvement on the present Tevatron measurements [5]. Since the W mass
is one of the key parameters of the electroweak theory, such an improved accuracy makes the
tests on the SM more stringent.

The second piece of information that W-pair production can provide is the structure of the
triple gauge-boson couplings. These couplings now play a role in the tree-level cross-section, in
contrast to LEP1 physics where they only enter through loop corrections. So the Yang-Mills
character of the TGC's can be established by studying W-pair differential cross-sections at
LEP2 energies. Since these couplings are at the heart of the non-abelian gauge theories, this
information is essential for a direct confirmation of the SM.

1.1.1 Measurement of the mass of the W boson

With the precise measurement of the mass of the W boson at LEP2 the situation for the
electroweak input parameters changes with respect to LEP1. The common practice at LEP1
[6] is to use for Afw a value derived from the Fermi constant G^, which is accurately known
from muon decay. The relation to obtain My/ follows from the SM prediction for muon decay

1 - A r ' (1)

where Ar = 0 at tree level and where Ar is mt- and Afn-dependent when loop corrections
are included. Thus, Mw in LEP1 calculations is mt- and AfH-dependent through the above
procedure. At LEP2, where one wants to measure My/ and, hence, wants to treat My/ as a
fit parameter, the above relation now primarily acts as a test of the SM. The above relation
predicts for any chosen Mn and measured My/ a value for mt that can be used as input for
LEP2 loop calculations and can also be compared with the directly observed top-quark mass
from the Tevatron [7].
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As to the actual procedure to measure My/ from W-pair production, two methods are
advocated [8]. A third one, involving the measurement of the endpoint energy of a charged
lepton originating from a decaying W boson, was suggested a few years ago but turns out to
be less promising than other methods.

One procedure requires a measurement of the total W-pair cross-section close to threshold,
where the size of <rtot is most sensitive to the W mass. The energy proposed is 161 GeV. For
this method the theory should obviously predict <xtot with a sufficient accuracy, to wit ~ 2%.°
Therefore the radiative corrections (RC's) to the total cross-section should be under control.

The other method looks at the decay products of the W bosons, in particular at the four-
and two-jet production. From the measured momenta of the decay products one tries to
reconstruct the W mass. In this reconstruction a good knowledge of the W-pair centre-of-
mass energy is essential. Since there will be an energy loss due to initial-state radiation (ISR)
of primarily photons, the W-pair energy will be different from the laboratory energy of the
incoming electrons and positrons. So, for this method the ISR should be well under control,
i.e. the theoretical error on the average energy loss, {Ey} = JdE^(d<r/dE^)Ey/tTtot, should
be less than 30 MeV, which translates into a theoretical error of less than 15 MeV on the
reconstructed W mass. This again is an aspect of radiative corrections.

1.1.2 Test of non-abelian couplings

Within the SM the triple gauge-boson couplings have the Yang-Mills (YM) form. Amongst
others, this specific form for the TGC's leads to a proper high-energy behaviour of the W-pair
cross-section and is a requirement for having a renormalizable theory. Couplings different from
the YM form, called anomalous or non-standard couplings, will in general lead to a high-energy
behaviour of cross-sections increasing with energy and thereby violating unitarity. At LEP2
the energy is too low to see such effects and in order to establish the presence of anomalous
couplings one therefore has to study in detail the angular distributions of the W bosons and their
decay products. In particular, the angular distribution in the W-production angle 6 is sensitive
to non-standard couplings. Again, the knowledge of RC's to the tree level SM predictions is
required, since they affect the Born-level angular distributions [9],

As elsewhere in this volume a detailed report on non-standard TGC's is given [10], only a
few comments will be made here.

When one considers the most general coupling between three gauge bosons allowed for by
Lorentz invariance, assuming the gauge bosons to be coupled to conserved currents, one ends
up with seven possible couplings for the ZWW and 7WW interaction. Of these seven there are
three which are CP violating and one which is CP conserving but C and P violating [11].

"Throughout this report the requited theoretical accuracy is taken to be half the expected statistical error.
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In practice it will be impossible to set limits on all these couplings. Therefore usually some
assumptions are made to reduce the number of 14 couplings [11, 12]. For instance, one may
restrict oneself to CP-conserving non-standard couplings so that 8 couplings are left. Of these
the electromagnetic ones can be reduced further by omitting the C and P violating one and
requiring the strength of the electromagnetic coupling to be determined by the charge. Two
possible anomalous electromagnetic couplings remain and four ZWW anomalous couplings.
Even with this reduced number it will be impossible to set experimental limits on all of them
simultaneously.

However, there are theoretical arguments that such a purely phenomenological approach
is also not required. First of all one might use symmetry arguments, motivated by specific
models for the non-standard physics, to find relations between the anomalous couplings [12].
Alternatively, when one considers the electroweak theory as an effective theory originating from
a field theory that manifests itself at higher energies, then also some small anomalous couplings
may be present at lower energies. In such a SU(2) x U(l) gauge-invariant framework the non-
standard physics, situated at an energy scale A, decouples at low energies and the anomalous
TGC's are suppressed by factors (E/A)d~*, according to the dimension (d) of the corresponding
operators. This naturally introduces a hierarchy amongst the anomalous TGC's based on the
dimension of the corresponding operators [13].

Prom the perspective of this report the origin of the non-standard couplings is not so im-
portant, but the fact that they often modify angular distributions is relevant. Also SM effects
- like RC's, the finite decay width of the W bosons, and background contributions - provide
deviations from the tree-level distributions [9, 10].

1.2 How to obtain accurate predictions?

In order to extract the wanted information from W-pair production it is clear from the remarks
above that RC's are needed for total and differential cross-sections and, moreover, for the de-
termination of the energy loss. Anticipating ~ 104 W-pair events, the theoretical accuracy
that should be targeted for the SM predictions is ~ 0.5%, although specific final states, distri-
butions, or observables in fact often do not require such a precision (like, e.g., <rlot at 161 GeV
or the energy loss).

Ideally one would like to have the full RC's to the final state of four fermions, which originate
from the two decaying vector bosons. In practice such a very involved calculation does not exist
and is hopefully not required in its complete form for the present accuracy. For the discussion
of the LEP2 situation and strategy it is useful to distinguish three levels of sophistication in
the description of W-pair production.

The first level is to consider on-shell W-pair production, e+e~ —» W+W~, which at tree
level is described by three diagrams: neutrino exchange in the t channel, and 7 and Z exchange
in the s channel. Here the complete O(a) RC's are known, comprising the virtual one-loop
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corrections and the real-photon bremsstrahlung [14, 15]. When one wants to divide the O(ot)
corrections into different parts the situation differs from LEP1 [9].

As to the bremsstrahlung, a gauge-invariant separation into initial-state radiation, final-state
radiation (FSR), and its interference is not possible like, e.g., in ^-pair production at LEP1. The
reason is that the photon should couple to all charged particles in a line of the Feynman diagram.
The t-channel diagram then makes a separation into ISR and FSR impossible. However, the
leading logarithmic (LL) part of ISR is in itself gauge-invariant. This can be combined with
the LL QED virtual corrections so that a LL description with structure functions for ISR can
be given [16].

A separation of the virtual corrections into a photonic and weak part is also not possible
since charged vector bosons are already present at Born level, necessitating an interplay between
7- and Z-exchange diagrams in order to preserve SU(2) gauge invariance.

Once one has a description of on-shell W-pair production one can attach to it the on-shell
W decay. Again, the RC's to this decay are known [17]-[20].

The next level of sophistication is to consider off-shell production of W pairs, which then
decay into four fermions [21]. The W propagators with energy-dependent widths can be taken
into account. Although this description of four-fermion production through virtual W bosons
is a natural extension of the on-shell evaluation, it is not a gauge-invariant treatment. In fact
there are more diagrams needed to calculate such a four-fermion process. As to RC's, the ISR
and FSR can be implemented in LL approximation, but the full set of virtual corrections have
not yet been calculated.

The final level for the study of W-pair production would be a full C(a)-corrected evaluation
of all possible four-fermion final states. At tree level there now exist evaluations where, besides
the three off-shell W-pair diagrams, all other diagrams for a specific four-fermion final state
have been included [22]. On top of that ISR can be taken into account. Again, one has to
be aware of possible gauge-invariance problems. In particular, the introduction of energy-
dependent widths in the W-propagators will destroy electromagnetic gauge invariance and may
introduce dramatically wrong cross-sections in certain regions of phase space.

As long as a full (9(a)-corrected evaluation of four-fermion production is not available,
certain approximative schemes, like for instance the 'pole scheme' [23]-[25], may be useful. This
goes beyond the treatments where only ISR through structure functions is taken into account.
Actual numerical results from a complete 'pole-scheme' evaluation are not yet available.

2 On-Shell W-Pair Production and W Decay

Although the actual process that will be probed at LEP2 is e+e —> 4/(7, g), we first focus on
the production and subsequent decay of on-shell W bosons, being basic building blocks in some
of the schemes for handling off-shell W bosons. In contrast to off-shell W-pair production the
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on-shell processes are not plagued by the problem of gauge invariance for unstable particles and
a complete set of O(a) radiative corrections is available. Consequently, they are well suited for
studying the typical sizes of various radiative corrections. Moreover, many of the important
features of the production and decay of off-shell W bosons are already contained in the on-shell
limit. We indicate explicitly where the width of the W bosons radically changes the on-shell
predictions.

2.1 Notation and conventions

We use the Bj0rken-Drell metric g^ = diag(+1, —1, —1, -1) and fix the totally antisymmetric
tensor by e o m = +1. The matrix 75 is defined as 75 = t7°717273 and the helicity projectors
w±t which are used to project on right- and left-handed massless fermions, as

(2)

First we set the conventions for the process

(3)

where the arguments indicate the momenta and helicities of the incoming fermions and outgoing
bosons (/tj = ± | , A< = 1,0,-1). Note that we sometimes use the shorthand version /c; = ± in
certain sub- and superscripts. In the centre-of-mass (CM) system of the e+e~ pair, which we
will refer to as the laboratory (LAB) system in the following, the momenta read

= £(1,0,0,^1), * <*»*), (4)

with E denoting the beam energy, 9 the scattering angle between the e+ and the W+ , and
j3 = yfl — My IE2 the velocity of the W bosons. The Mandelstam variables used in the
following are given by

t = (j>+ - fc+)2 = (P- - * - ) * = -&(1 + P- 2/?cos0),

u=(P+- k.f = (p_ - k+)2 = -E2(l + p2 + 2/3cos0).

(5)

In order to define helicity amplitudes we need to introduce the corresponding polarization
vectors for the W+ and W" boson6

e±"(k±,+l) = -^(O.T cos0,-i ,±sin0),

'Note that the helicity of the massive W bosons is not Loientz-invariant. We define it in the LAB system.
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e±"{k±, -1) = -= (0 , T cos e, +i, ± sin $),

(6)

Because we are neglecting the electron mass, the helicity of the positron is opposite to the
helicity of the electron

«_ = —K+ = K. (7)

Henceforth we refer to the helicity amplitudes for W-pair production as A4(n, A+, A_,«,t). CP
invariance implies the relation:

This holds in the SM if we neglect the CP-violating phase in the quark-mixing matrix. Even
in the presence of this CP-violating phase, the CP breaking occurs at O(a2) in SM W-pair
production and is additionally suppressed by the smallness of the mixing angles between the
quarks. Consequently in the SM one effectively has only 12 independent helicity-matrix ele-
ments instead of 36. In the presence of substantial (non-standard) CP violation this number
should be increased to 18. This allows for a decomposition of the matrix elements in terms of
an explicit set of 12 (18) independent basic matrix elements multiplied by purely kinematical
invariant functions (coefficients) [9, 14, 15].

From the helicity amplitudes the differential cross-sections for explicit W-boson polarization
and various degrees of initial-state polarization can be constructed. For example the differential
cross-section for unpolarized electrons, positrons, and W bosons is given by

(9)

For the numerical evaluations we have to fix the input parameters. We use the following
default set [2, 26]:

a = a(0) = 1/137.0359895,

Mz = 91.1884 GeV,

me = 0.51099906 MeV,

TOu = 47.0 MeV,

md = 47.0 MeV,

G^ = 1.16639 x 10"5 GeV"2,

MH = 300 GeV,

mw = 105.658389 MeV, mT = 1.7771 GeV,

mc = 1.55 GeV,

m. = 150 MeV, mb = 4.7 GeV.

The masses of the light quarks are adjusted in such a way that the experimentally measured
hadronic vacuum polarization [27] is reproduced. In the actual calculations either these light
quark masses are used or the dispersion-integral result for the hadronic vacuum polarization
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Mn [GeV] =
My, [GeV]

80.10
80.18

80.26

80.34
80.42

60 300 1000
m t [GeV]

119.1
133.9

148.1
161.7

174.4

137.3

151.6

165.3

178.3
190.7

154.2

168.0
181.2

193.9

206.1

Table 1: Calculated m t for a.(M$) = 0.123 and different Higgs- and W-boson masses, using
the state-of-the-art calculation described in section 2.3.3. The theoretical error in rot is roughly
1-2 GeV.

of [27]. The strong coupling constant is calculated according to the parametrization of [28],
using a,(Af|) = 0.123 as input. The W-pair threshold region is very sensitive to My/ and
consequently, if Mw were to be calculated from the other parameters using the muon decay
width including radiative corrections (like at LEPl), to the masses of the top quark and Higgs
boson. This is of course not very natural, since we want to use My/ as a model-independent
fit parameter. In view of this we use a, G,,, M% as input0, treat My/ as free fit parameter, and
calculate mt from muon decay"*. This calculated value of mt can then be confronted with the
direct bounds from Fermilab (weighted average mt = 180 ± 12 GeV [7]) and the indirect ones
from the precision measurements at LEP1/SLC (mt = 180l|lJjGeV [2]). In this scheme mt

hence plays the role played by My/ at LEPl. The above set of parameters and the default W
mass Mw=80.26GeV [2, 5] yield

m t = 165.26 GeV.

At present the error on this value as a result of the 160 MeV error on My/ is roughly 27 GeV.
The precise My/ measurement at LEP2 will lead to a reduction of this error by a factor of
four. Of course the so-obtained top-quark mass will become a,- and Mn-dependent through
the RC's associated with the muon decay. We come back to that point in section 2.3.3 and
only mention here that the Mu dependence of rot amounts to roughly 33 GeV in the range
60 GeV < Mn < 1 TeV, which clearly exceeds the above-mentioned expected error from My/
(see table 1).

Finally, the sine and cosine of the weak mixing angle are defined by

Mw
Cy/ = COS ffy/ =

Mz'
(10)

cWe do not eliminate Mz or G^, as Mz is needed in the RC's and Gp reduces the sue of the RC's to the
production and decay of the W bosons.

'It should be noted that the RC's associated with the muon decay make that this parameter set is not
oveicomplete.
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7,Z
w+

w-

Figure 1: Lowest-order diagrams for e+e~ —» W+W .

2.2 Lowest order

In the SM there are three lowest-order diagrams (figure 1), if we omit a Higgs-exchange diagram
that is suppressed by a factor me/Mw and thus completely negligible. The ̂ -channel diagram
involving the vt exchange only contributes for left-handed electrons. The ̂ -channel diagrams,
containing the non-abelian triple gauge-boson couplings, contribute for both helicities of the
electron. The corresponding matrix element reads

^ - M l ) , ( 1 1 )

with £«_ = 1 for left-handed electrons and £„_ = 0 for right-handed electrons, and

After inserting the explicit form of the Z-boson-fermion couplings

.«•&>-)• (12)

(13)

(15)

The gauge invariance of the two contributions Mi and MQ can be simply inferred from
the fact that they are accompanied by different coupling constants, one of which involving the

we can organize the lowest-order amplitude into two gauge-invariant subsets:

rn , 1 2 S w

where

+, ->«, ; - j i a _ fo^

(K, A+, A_, s , t ) = \ - ^ j l 2 (Mi - Mi).
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electromagnetic coupling constant e, the other the charged-current coupling constant e/(>/2~Sw).
Whereas Mi corresponds to the pure SU(2) contribution, the parity-conserving contribution
MQ is a result of the symmetry-breaking mechanism.

The lowest-order cross-section determines the essential features of W-pair production. The
threshold behaviour is important for the determination of the W mass from the measurement
of the cross-section in a single energy point very close to threshold [8], i.e. at y/s = 161 GeV.
For small B the matrix elements behave as

M J, MJ oc 8, M"i oc 1 (16)

for fixed scattering angles. Consequently, the ^-channel matrix elements vanish at threshold'
and the t-channel graph dominates in the threshold region. For B <C 1 the differential cross-
section for unpolarized beams and W bosons is given by [9]

where the leading term ex /9 originates from the 2-channel diagram only. Note that the leading
term is angular-independent. In the total cross-section

tra2 1
— — 4/?+0(/S»), (18)

all terms oc /32 drop out and the ^-channel and the 4-t-interference contributions are propor-
tional to /33. This is the consequence of CP conservation, fermion-helicity conservation in the
initial state, and the orthogonality of different partial waves [9]. Hence in the threshold region
the t channel is dominant and the cross-section for e+e~ —> W+W~ is not very sensitive to the
triple gauge-boson couplings.

In table 2 we give the integrated cross-section for different centre-of-mass energies and dif-
ferent polarizations of the electrons (+,—). Positrons are assumed to be unpolarized. Using
right-handed electrons one could study a pure triple-gauge-coupling process, but this would re-
quire longitudinally polarized electron beams, the prospect of which looks rather unfavourable
for LEP2. Furthermore, for all energies the cross-section for right-handed electrons is sup-
pressed by two orders of magnitude compared with the dominant left-handed mode, mainly
because there is no t-channel contribution. Therefore essentially only the latter can be investi-
gated at LEP2. With transverse beam polarization, however, one could obtain information on
the right-handed matrix element via its interference with the left-handed one.

As stated in section 2.1, for on-shell W-pair production and unpolarized electrons and
positrons there are nine independent helicity-matrix elements or six if CP is conserved. These
yield nine or six independent observables. Taking into account the decay of the W bosons there
are many more observables: 81 or, if CP is conserved, 36 products of the various helicity-matrix

'This holds for arbitrary CP-conserving ^-channel contributions in the limit of vanishing electron mass [11].
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V* [GeV]

161.0
175.0

184.0

190.0
205.0

<^Born

3.812

15.959

17.427
17.762

17.609

"Sam
7.622

31.716
34.567

35.203

34.867

"•Born

0.002
0.202

0.287

0.321

0.350

Table 2: Integrated lowest-order cross-section in pb for different polarizations of the electrons
and different centre-of-mass energies.

elements [11]. Because the V—A structure of the W decays is well established, these observables
can be extracted in a model-independent way from the data for the five-fold differential cross-
section do-/(dcos 6 dcos 0\ A<f>\ dcos $2 d^2)> where 9i,t and ^1,2 represent the decay angles of the
two W bosons. These observables may serve to put limits on anomalous couplings [10, 12].
Note that the five-fold differential cross-section requires the identification of the charge of at
least one of the decaying W bosons, as otherwise the information on the sign of cos 0 would
be lost. This is possible for hadronic-leptonic or leptonic-leptonic events. If no charge iden-
tification is possible only production-forward-backward-symmetric observables would be left.
As argued above, in those observables for instance the ^-channel contribution is suppressed by
/?2 in the threshold region*. Consequently, if one cannot identify the jet charges the purely
hadronic events will not be of much use for studies of the gauge couplings at LEP2. Of course
this does not concern the W-mass determination as it does not rely on s-channel contributions.

2.3 Radiative corrections

As has been argued in section 1, the SM theoretical predictions for W-pair production should
have an uncertainty of about 0.5% (2% at - ^ = 161 GeV) in order to obtain reasonable
limits on the structure of the gauge-boson self-couplings, and to determine the W-boson mass
with the envisaged precision of roughly 40-50 MeV. In this context radiative corrections are
indispensable.

Much effort has been made in recent years to obtain such precise theoretical predictions
for W-pair production. In the following we discuss the existing results for the virtual and real
electroweak corrections in the on-shell case. In addition we discuss the quality of an improved
Born approximation (IBA) that contains all familiar, LEPl-like leading corrections for the W-
pair production cross-section at LEP2 energies. Such a discussion is in particular relevant as
the present off-shell LEP2 Monte Carlos often make use of such an approximation.

'If CP is violated thete exists an anomalous gauge-boson coupling that does not yield a suppressed ^-channel
contribution [9, 11].
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2.3.1 Radiative electroweak O(a) corrections

The O(a) radiative corrections can be naturally divided into three classes, the virtual, soft-
photonic, and hard-photonic contributions. Since the process e+e~ —* W+W~ involves the
charged current in lowest order, the corresponding radiative corrections cannot be separated
on the basis of Feynman diagrams into electromagnetic and weak contributions in a gauge-
invariant way. Like we have already observed in equation (15), SU(2) gauge invariance requires
an interplay between the 7- and Z-exchange diagrams.

The complete radiative electroweak 0{a) corrections have been calculated independently
by two groups [14, 15]". For the unpolarized case they have been checked and found to agree
within a couple of per-mil (i.e. within the integration error).

The virtual corrections contain infra-red (IR) divergences, which result from virtual photons
exchanged between external charged particles. They are compensated for by adding the cross-
section for the process e+e~ —* W+W~7. If the energy of the emitted photon is small compared
with the detector resolution (soft photons), this process cannot be distinguished experimentally
from the non-radiative W-pair production process. In practical experiments the soft-photon
approximation is in general not sufficient and one has to include the radiation of hard photons,
too. When adding these real-photon effects to the contribution of the virtual corrections, not
only the IR singularities but also the large Sudakov double logarithms Iog2(s/mf.) drop out.

Still there are various sources of potentially large O(a) corrections left at LEP2 energies.
First of all there are large QED corrections of the form (a/n)log(Q2/ml) with Q2 > m2,
originating from collinear photon radiation off the electron or positron (see appendix A). They
form a gauge-invariant subset of QED corrections and amount to roughly 6% at LEP2, not
taking into account possible enhancements from the corresponding coefficients (like, e.g., close
to thresholds).

From the renormalization two sets of potentially large fermionic (formally weak) corrections
arise. The first set is associated with the charge renormalization at zero momentum transfer,
where the relevant scale is set by the fermion masses entering the vacuum polarization. In high-
energy experiments, however, the running charge should be evaluated at scales much larger than
the masses of the light fermions ft = {e,/t,r,u, d, c,s,b}. This leads to large logarithmic ('mass
singular') contributions of the form (a/7r)log(Q2/m^) with Q2 > m2

ft, which can amount to
a shift in a of 8% at LEP2 energies. Related to the top quark, corrections oc raJ/M^ will
occur. They show up as universal corrections via the renormalization of the W and Z masses
(or equivalently «w) if the corresponding renormalization scales are small compared with the
mass splitting in the (t,b) isospin doublet.

Finally the long-range electromagnetic interaction between the slowly moving W bosons
leads to the so-called Coulomb singularity [30]. This singularity yields an O(a) correction factor
aw/(2/3), resulting in an 0(<x)-corrected cross-section that does not vanish at threshold for left-

"The process e+e" -» W + W - 7 has also been calculated in [29].
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MH [GeV] =

0, =

mt [GeV] =

v/i [GeV]

161.0

175.0

184.0

190.0

205.0

300

0.117

164.80

300

0.123

165.26

300

0.129

165.73

60

0.123

148.14

300

0.123

165.26

1000

0.123

181.20

<r[pb]

2.473

14.471

16.619

17.263

17.683

2.472

14.465

16.613

17.257

17.677

2.470

14.459

16.607

17.251

17.671

2.514

14.548

16.671

17.301
17.698

2.472

14.465

16.613

17.257

17.677

2.460

14.422

16.568

17.213

17.637

Table 3: Integrated unpolarized cross-section including radiative electroweak O(a) corrections
for different values for the Higgs-boson mass and a,, at various centre-of-mass energies. The
theoretical error in m t is roughly 1-2 GeV.

handed electrons. The right-handed cross-section remains suppressed by at least j32. This
correction factor exhibits the fact that the free-particle approximation is inadequate near the
W-pair production threshold in the presence of the long-range Coulomb interaction. We want
to stress here that the Coulomb singularity is changed substantially by effects that effectively
truncate the range of the interaction, like the off-shellness and the decay of the W bosons. This
will be treated in section 3.4.2 and will lead to the conclusion that higher-order Coulombic
corrections to the total cross-section are not important.

The sensitivity of the total unpolarized cross-section to a, and the unknown mass of the
Higgs boson is illustrated in table 3. The dependence on a,, originating from the calculation
of r»t, is completely negligible ( < 0.1%). Compared with the lowest-order cross-sections of
table 2, a variation of Mn between 60 and 1000 GeV, however, influences the total cross-section
by around 0.5% at the three highest energy points, by about 0.8% at y/s = 175 GeV, and by
1.4% at threshold. These numbers are lowered by about 0.5% if the radiative corrections are
calculated in the so-called G^ representation, which absorbs the universal m t and Mn effects
present in the W wave-function factors (see section 2.4.2). In this representation a variation
of MH between 300 and 1000 GeV has a negligible impact on the cross-section. Keeping in
mind that we would like to reach a theoretical accuracy of 2% (0.5%) at y/s = 161 GeV (v^ >
175 GeV), it should be clear that the Higgs-mass dependence constitutes a major uncertainty.
A more detailed investigation [31] revealed that this Higgs-boson-mass dependence is the result
of the Yukawa interaction between the two slowly moving W bosons (mediated by the Higgs
boson). As such the effect is largest close to threshold and for the lightest Higgs masses, which
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Figure 2: Unpolarized total cross-section in the threshold region. The dotted curve corresponds
to Born, the dashed one to GM-Born, and the solid one to the results including full radiative
electroweak O(a) corrections.

yield the shortest range of the interaction. For instance, upon increasing the lower Higgs-mass
bound from 60 to 90 GeV, the resulting uncertainty is reduced by roughly a factor of twofc.

In figure 2 we display the influence of the full O(a) corrections on the total unpolarized
cross-section near the W-pair production threshold.

As has been stated before, it should be noted that, unlike at LEPl, the presence of the
charged current at lowest order in e+e~ —» W+W~ complicates the separation between QED
and weak corrections. So, in order to have a cleaner look at the QED corrections we present
in addition to the Born cross-section also the lowest-order cross-section in the so-called GM

representation, i.e. the Born cross-section with a replaced by \/2G!
/IMw5w/7r, which already

contains an important part of the leading weak effects discussed above' (see also section 2.3.3).
We will refer to this cross-section as GM-Born. As a result of the steep drop with decreasing
centre-of-mass energy of the W-pair cross-section close to threshold, large and predominantly

''At the start of the 161 GeV run no significant change in the MB bound is expected. So, only after the
higher-energy LEP2 runs have taken place the improved knowledge on Ma can be used for an a posteriori
reduction of the MB dependence of the 161 GeV run.

•As the t channel is dominant at LEP2 energies, the G^-Born describes the leading weak corrections reason-
ably well for the default Higgs mass MH=300 GeV.
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Figure 3: Unpolarized differential cross-section d<r/(dcos0+) at
signature as adopted in figure 2.

= 190 GeV. The same

soft QED effects can be observed. Compared with GM-Born the O(a) corrections amount to
more than —25% in the direct vicinity of the threshold (v^ < 165 GeV), apart from the region
very close to threshold where the positive Coulomb-singularity contribution takes over (see
close-up in figure 2), and still -17% (-11%) at y/s = 175 GeV (190 GeV). The size of these
effects necessitates the inclusion of higher-order QED corrections in order to end up with an
acceptable theoretical uncertainty. A discussion of these higher-order QED corrections can be
found in section 2.3.3. The finite W width has a drastic impact on the effects related to the
Coulomb singularity (see section 3.4.2), but the large soft QED effects are merely smoothened
and stay sizeable.

In figure 3 the effect of the O(a) corrections on the unpolarized differential cross-section
d<7/(dcos#+) is shown for y/s = 190 GeV. Here 8+ stands for the polar angle of the W+ boson
with respect to the incoming positron''. Apart from the expected normalization effects that
are already observed in the total cross-section, also a distortion of the distribution occurs. As
this is exactly the type of signature one might expect from anomalous gauge-boson couplings,
this underlines again the importance of having a profound knowledge of the SM radiative
corrections. The origin of the distortion can be traced back to hard initial-state photonic
corrections. Hard-photon emissions boost the centre-of-mass system of the W+W~ pair. As a

'In the presence of hard-photon radiation in general 6+
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result of that, events that are forward in the centre-of-mass system of the produced W bosons
can show up as backward events in the LAB system and vice versa. Since the cross-section in
the backward direction is substantially lower than in the forward direction, the net effect of
this redistribution (migration) of events will be a distortion of the differential distribution with
respect to the lowest-order one. Of course these boost effects are much more pronounced at
high energies [9].

2.3.2 Approximations in the LEP2 region

The complete analytic results for the electroweak O(a) corrections are very lengthy and com-
plicated, resulting in huge and rather slow computer programs. Moreover, the formulae are
completely untransparent. In view of this, simple approximative expressions are desirable.
Apart from providing fast computer programs, which are useful for many applications, simple
transparent formulae should reveal the physical content and the origin of the dominant radia-
tive corrections. Furthermore, if these approximative expressions represent the exact corrections
adequately, one might consider implementing them in the existing LEP2 Monte Carlos.

Owing to the lack of a calculation of the complete O{a) corrections, the present LEP2 Monte
Carlos for off-shell W-pair production include only the known leading universal corrections. In
order to assess the theoretical uncertainty inherent in this approach, the on-shell case can be
used as guideline. The size of the non-leading O(a) corrections in this case should provide a
reasonable estimate for the corresponding left-out non-leading corrections in the off-shell case.

We start out by investigating the structure of the matrix element for e+e~ -+ W+W~.
Whereas it involves only three different tensor structures in lowest order, at O(a) twelve in-
dependent tensor structures occur, each of which is associated with an independent invariant
function, which can be considered as an s- and t-dependent effective coupling. The dominant
radiative corrections, as e.g. those that are related to UV, IR, or mass singularities, in gen-
eral have factorization properties and are at O(a) restricted to those invariant functions that
appear already at lowest order. Therefore the contributions of the other invariant functions
should be relatively small. Indeed, a numerical analysis reveals that in a suitably chosen rep-
resentation for the basic set of independent matrix elements only the three Born-like invariant
functions plus one extra right-handed piece, related to Mf, are relevant for a sufficiently good
approximation [32, 33]. This results in the following approximation for the matrix element:

A^2pp = M'JFJ + MQFQ, (19)

with Mi and MQ defined in equation (15). The term involving Ff is needed for right-handed
electrons because of contributions oc 0* cos 0, originating from the interference of Â Bom with
particular 1-loop matrix elements, which are not present at lowest order. Neglecting the other
invariant functions in the basis given in [32] introduces errors well below the per-cent level
(see table 4). This is of course only true for observables where A^»pp is not suppressed or
absent. All this demonstrates that improved Born approximations are possible. Note, however,
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that in contrast to the situation at LEP1 the invariant functions Ffa are both energy- and
angular-dependent.

In order to construct an improved Born approximation (IBA) one has to specify simple ex-
pressions for the invariant functions Ffa, which reproduce the corresponding exact expressions
with sufficient accuracy. In the LEP2 energy region the following expressions can be used as a
reasonable ansatz [32]

(20)

The terms containing (?„ and a(s) incorporate all the leading universal corrections associ-
ated with the running of a and the corrections oc am\IMy/ associated with the p parameter
(see also section 2.3.3). As these are linked to the renormalization of the electric charge at zero
momentum transfer and of the weak mixing angle, they only contribute to the structures al-
ready present at lowest order. The corresponding leading O(a) contributions can be recovered
from equation (20) by substituting

a(s) + Aa(s)}, J ^ f l - ^- Ap

with

(21)

(22)

The 1//3 term describes the effect of the Coulomb singularity, which for /? < 1 yields a
simple correction factor to the lowest-order cross-section:

= 17a •''Bo17a (23)

The factor (1 - /?2)2 is introduced by hand to switch off the Coulomb singularity fast enough.
In this way one avoids corrections that are too large away from threshold, where the Coulomb
singularity should not play a role anymore. As has been studied in [32], heavy-mass contribu-
tions oc log(mt) and log(Afn) that are not covered by equation (20) have a negligible impact
on the approximation. Since the above IBA analysis has been performed for the default Higgs-
boson mass MR = 300 GeV, the large light-Higgs-boson corrections close to threshold, shown
in table 3, are absent. By adding a simple approximation for these corrections [31] to the IBA,
however, the full MB dependence of the exact O(a) corrections can be reproduced.

In addition to the contributions described so far, one has to include the leading logarithmic
QED corrections. These can be calculated using the structure-function method as described in
appendix A. They comprise all contributions oc (a/ir)log(mJ/Q2). In the following numerical
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analysis the scale Q2 = a has been used and, in order to extract the effect of the non-leading
virtual corrections, hard-photon radiation is left out.

As we want to compare the approximation with an O(a) calculation we do not use the
square of the matrix element defined in equations (19) and (20) for the numerical analysis,
but only the square of the terms involving G^ and a(s) and the interference of these terms
with the others. Moreover, in this interference GM and a(s) are replaced by the corresponding
lowest-order expressions in terms of s w and a(0). Nevertheless, the so-obtained approximation
still contains higher-order contributions through the squares of a(s) and (?„. To allow for a
meaningful comparison these have been included in the numbers for the exact one-loop results
given in table 4 in the same way (see [32] for more details).

In table 4 we show the difference between the exact and approximated virtual and soft O(a)
radiative corrections to the total and differential cross-section for right-handed, left-handed, and
unpolarized electrons. The positrons are assumed to be unpolarized. In the LEP2 energy region
the relative difference between the exact result and the approximation can be as large as 1-2%
for left-handed or unpolarized electrons, and reach 3-8% for right-handed electrons. As there
is no obvious reason why these remaining non-leading corrections should be smaller in the case
of off-shell W bosons or e+e~ —> 4/ , their inclusion in the LEP2 data analysis seems to be
unavoidable.

2.3.3 Higher-order corrections

In section 2.3.1 we have encountered large O(a) corrections. A short description of the way to
include the corresponding higher-order corrections is hence in place.

In two distinct ways the higher-order corrections enter the calculation of the distributions
for W-pair production. First of all there is the calculation of mt from My/ and the input
parameters, either to be used in the calculation of the W-pair RC's or to be confronted with
the Tevatron data. As mt enters the relation between a, G^, Mz, and My/, resulting from
the muon decay width, at the 1-loop level, the highest precision possible is required for this
relation. As this relation relies on calculations performed at Q2 ss 0 for the muon decay width
and at the subtraction points Q2 = My/jM^ for the renormalization procedure, we can use the
state-of-the-art calculation developed for the LEPl analysis [6]. This yields

Usually pc is written in the form

1 - A r '

(24)

(25)
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unpolarized right-handed left-handed

y/s = 161 GeV

total

10°
90°
170°

1.45
1.63
1.44
1.26

0.00
0.00
0.00
0.00

-1.56
4.41

-1.57
-7.52

-0.01
0.00

-0.01
0.00

1.45
1.63
1.44
1.26

0.00
0.00
0.00
0.00

y/a = 165 GeV

total
10°
90°
170°

1.27
1.67
1.17
0.75

0.02
0.00
0.02

0.00

-2.09

0.49
-2.09
-4.64

-0.01
0.00

-0.02
0.00

1.28
1.67
1.18
0.77

0.02
0.00
0.02
0.00

V5=175GeV
total
10°

90°
170°

1.26
1.71

1.03
0.59

0.03
0.00

0.05
0.00

-2.58
0.18

-2.59
-5.30

-0.02

0.00
-0.03

0.00

1.28
1.71

1.06
0.69

0.03
0.00
0.05
0.00

V^=184GeV
total
10°
90°
170°

1.02
1.57
0.67
0.10

0.04
0.00
0.08
0.00

-2.80
2.17

-2.82
-7.72

-0.03
-0.01
-0.05

0.01

1.06
1.57
0.72
0.32

0.04
0.00
0.08
0.00

V5=190GeV
total
10°

90°
170°

1.24
1.67

0.95
0.58

0.03
0.00
0.06
0.00

-2.91

0.59
-2.92
-6.32

-0.04

-0.01
-0.06

0.00

1.28
1.67

1.01
0.83

0.03
0.00

0.06
0.00

^ 5 = 205 GeV
total

10°
90°
170°

1.60
1.77
1.55
1.61

0.00
0.00
0.00
0.00

-3.11
-1.68
-3.14
-4.37

-0.09
-0.01
-0.12

0.00

1.65
1.77
1.64
1.94

0.00
0.00
0.00
0.00

Table 4: Quality of the IBA (first column per polarization) and the form-factor approximation
(19) (second column per polarization), given in per cent relative to Born. Results are given for
the total cross-section (total) and the differential cross-section at 10, 90, and 170°.
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where Ar contains all the one-loop corrections to the muon decay width with the inclusion
and the proper arrangement of the higher-order terms. Next we subdivide pc as introduced in
equation (25) into a leading term, Ar4 , and remainder terms, Ar^n, as follows:

1 — Ar 1 - Ar. — Ar_ (l-Aam + ̂ -ApJ-Ar,
(26)

with

, = Ar° + Ar0"*' + ̂ -l (27)

This contains all the terms known at present: the complete one-loop O(a) corrections Ara

(two-, three-, four-point functions) and complete two-loop Q(aa,) insertions Araa> to two-
point functions, from which the leading O(a) and O(aa,) terms are subtracted. The Born
version of equation (24), i.e. pc = 1, relates GM directly to a, Afw, and M%, hence leaving no
room for using G^ as additional independent input parameter. However, having introduced
radiative corrections to the Born relation we can solve equation (24) in terms of the top quark
mass and, in turn, this particular value for mt will be used throughout the rest of the calculation.
One should notice that this procedure is not free of ambiguities since Ar is also a function of
MH, but with much smaller sensitivity due to the well known screening. So in the end we
should also allow for some variation in A/H- Moreover, Ar is also a function of a, through
higher-order corrections, for instance O(aa,), and, as a consequence, also some variation in the
strong coupling constant should be allowed.

The leading terms Aa and Apx appearing in equation (27) are given by

Apx =Apa + Ap"
3a ;

+ X

Aa = 1 -

«(,) = (28)

where E!**(s) is the renormalized O(a) transverse photon self-energy originating from fermion
loops, excluding top-quark loops.

The term X in equation (28) is a next-to-leading order term, whose proper treatment is
rather important:

V% (29)) l _
\m

 Ap>
where Ily denotes the unrenormalized transverse self-energy of the V gauge boson. The ultra-
violet (UV) divergences are removed according to the MS renormalization scheme with /* = Afz-
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In contrast to Apx, the leading contribution Apx appearing in equation (26) is normalized
by (?„ rather than by a/(sw .Mw), as is required by the resummation proposed in [34]:

Ap x = Ap" + Ap"' + Apac" + Apaa* + X

T^" I + cl 1- C2

)

where • 3 and

X( =

X = 2a w cw X.

(30)

(31)

(32)

The coefficients c\ and a describe the first- and second-order QCD corrections for the leading
xt contribution to Ap, calculated in [35, 36]. Correspondingly:

(33)
° I

c2 = -ir2 (2.564571 - 0.180981 nf), (34)

with nf the total number of flavours (n/ = 6). The function A/>'2'(m2/Afg) describes the
leading two-loop electroweak xt correction to Ap, calculated first in the Mn = 0 approximation
in [37] and later in [38] for an arbitrary relation between MH and 771,.

It should be noted that the higher-order radiative corrections discussed above are usually
calculated in the limit of a heavy top mass, i.e. usually only the leading part of the corrections
is under control. This often raises the question of what effect can be estimated from the sub-
leading terms, since mt « 2Mi- As far as QCD O(a,) and O{a\) corrections are concerned
the sub-leading terms are well under control. In the pure electroweak sector, however, there
has been, so far, no calculation of higher-order sub-leading terms at an arbitrary scale. The
only available piece of calculation concerns the p parameter at Q2 — 0 [39], therefore relevant
only for v^-e scattering. If however one is willing to extrapolate the Q2 = 0 result to a higher
scale, by assuming that the ratio of leading to next-to-leading corrections is representative for
the corresponding theoretical uncertainty, then the answer is next-to-leading « leading.

Even before considering the actual impact of the higher-order terms on m t, we should men-
tion at this point that the way in which the non-leading terms can be treated and the exact
form of the leading-remainder splitting give rise to several possible options in the actual im-
plementation of radiative corrections. This in turn becomes a source of theoretical uncertainty.
For instance, for Ar we can introduce the decomposition into leading and remainder. Since we
know how to proceed with all objects in the leading approximation, the only ambiguity is due
to the treatment of the remainders. Clearly, after the splitting Ar = ArL + Arrem there are in
principle several possible ways of handling the remainder:

1 - A r Ar,. - Arn l - A r L
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Actually, these options differ among themselves, but the difference can be related to the choice
of the scale in the remainder term. A complete evaluation of the sub-leading 0(G*JW|mJ)
corrections would greatly reduce the associated uncertainty. In conclusion, we observe that a
natural and familiar language for the basic ingredients of the physical observables is that of
effective couplings. However, it should be stressed that the above formulae belong to a specific
realization of this language and other realizations could also be used.

Now we can assess the influence of the higher-order corrections on the calculation of jnt

from equation (24). Using for instance Mw = 80.26 GeV and Mz = 91.1884 GeV we find

the central value of which corresponds to MH = 300 GeV and a,(M%) = 0.123. The errors are
derived by varying Mn and a, in the range 60 GeV < MH < ITeV and a, = 0.123 ± 0.006. It
should be noted in this respect that the total variation induced by MR alone (at a, = 0.123) is
about 33 GeV. The following is observed for the higher-order corrections:

• by neglecting the O(a2) term in Ar we find for the same input parameters (and MH =
300 GeV, a. = 0.123) a shift in mt of -1.9 GeV.

• If instead we switch off the 0(aa2
t) correction the corresponding shift will be —1.5 GeV.

• If finally both the O(aa,) and 0(aa\) corrections are neglected we find a shift in mt of
—10.5 GeV. Here by O(aa,) the full result is implied and not only the leading part of it.

Based on the above observations, the remaining theoretical uncertainty in the calculation of
mt from missing higher-order corrections and sub-leading O(a2} corrections to Ar is estimated
to be roughly 1-2 GeV.

The second way the higher-order corrections enter the calculations for W-pair production is
through the process itself, so through self-energies, vertices, etc. The known weak higher-order
effects comprise the running of a [see equation (28)] and the complete O(aa,) corrections to
the gauge-boson self-energies [35]. Other higher-order calculations, as those for A/> at O(a2) or
O(aal), have been performed in the limit where m t is the largest scale. The QCD corrections
associated with the gauge-boson vertex corrections have, to our knowledge, not been calculated
yet, but they are at most logarithmic in the top mass. If one takes into account the leading
weak effects by replacing e2/(2«w) by 2\/2~GMAfw in the Mi part of equation (15) and a by
a(s) in the MQ part, the remaining unknown higher-order weak effects are expected to be
negligible compared with the required theoretical accuracy.

As pointed out in the previous subsection, the virtual and real corrections reveal the presence
of large logarithmic QED effects of the form aL/ir = (a/ir) log(<32/™?) with Q2 > ml• T h e y
arise when photons or light fermions are radiated off in the direction of incoming or outgoing
light particles. In the case of W-pair production the only terms of this sort originate from initial-
state photon emission. Radiation of photons from the final-state W bosons can only lead to
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[GeV]

161.0

165.0

170.0

175.0

184.0
190.0

205.0

Born

+ O(a)

2.472 ± 0.001

8.581 ± 0.003

12.270 ± 0.004

14.465 ± 0.004

16.613 ± 0.005
17.257 ± 0.006

17.677 ± 0.006

+ h.o.t. for Q2 = s

O(a2) LL

3.103

9.079

12.583
14.654

16.668
17.259

17.613

exp. LL

3.003

9.049

12.585

14.670

16.693
17.286

17.638

+ h.o.t. for Q2 = s\£
O{a2) LL

3.095

9.061

12.567

14.642

16.663
17.259

17.620

exp. LL

2.998
9.033

12.568

14.656

16.686
17.283

17.641

Table 5: Unpolarized total cross-section, given in pb, including radiative electroweak O(a)
corrections and higher-order terms in the leading-log approximation. These higher-order terms
are given with and without soft-photon exponentiation for two different 'natural' scale choices.

sizeable corrections if the energy of the W bosons is much larger than their mass. The leading
large logarithmic corrections can be calculated by using the so-called structure-function method
[16] in leading-log (LL) approximation, i.e. only taking along the terms oc (a i / i r ) n . This
procedure also allows the inclusion of soft-photon effects to all orders by means of exponentiation
and is discussed in detail in appendix A.

In table 5 the higher-order effects related to the large logarithmic QED corrections are
displayed. The O(a2) LL entry contains, in addition to the full O(a) result, the contribution
from O(a2) LL corrections using do = "'Bom in the convolution (68). The exp. LL entry
contains on top of that the exponentiation of soft-photon effects. Compared with the full
O{a) results we observe large O(a2) LL effects near threshold, e.g. 25% at y/s = 161 GeV,
and moderate ones when sufficiently far above threshold, i.e. < 1% for energies above roughly
175 GeV. The additional soft-photon exponentiation is only sizeable near threshold, e.g. —4%
at ^/s = 161 GeV. Note that finite-W-width effects will smoothen the threshold behaviour
and hence reduce the size of the O(a2) LL effects, nevertheless they will stay sizeable near
threshold. The dependence of the higher-order LL corrections [beyond O(a)] on the scale
choice Q2 is negligible, since all natural scales are roughly equal close to threshold. When
comparing the popular scale choice Q2 = s with Q2 = s(l — /3)/(l + /?), motivated by the
behaviour of the total cross-section near threshold and at high energies [9], the differences are
at the 0.1% level (0.2-0.3% at sfs = 161 GeV).
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An additional improvement of the theoretical predictions can be obtained by using an im-
proved Born cross-section in the convolution (68), taking into account corrections related to
<?„, a(s), MH etc.*

2.4 The width of the W boson

Evidently the width of the W boson is a crucial ingredient for the (off-shell) W-pair production
cross-section, especially in the threshold region. Moreover, the branching ratios enter the cross-
sections for definite fermions in the final state. As at present the width of the W boson is
experimentally poorly known, we need a precise theoretical calculation instead in order to
obtain adequate theoretical predictions for off-shell W-pair production.

2.4.1 The W-boson width in lowest order

The W width is dominated by decays into fermion-antifermion pairs. In lowest order the partial
width for the decay of a W boson into two fermions with masses m/(. and m,f. (i,j denote the
generation index and / , / ' stand for u, d or v, 1) is given by

- (TO,.. + m / ; ) ' ) (Mw - (mfi -
(37)

For leptonic decays the mixing matrix is diagonal (Vy = tfy) and the colour factor NQ equals
one. For decays into quarks there is a non-trivial quark mixing matrix and N£ = 3. For the
quark mixing matrix we have used an = 0.221, sn = 0.04, and su = 0.004 [26]. The total
width is obtained as a sum over the partial fermionic decay widths with TO/; + inf. < Afw

Bom
1 W

Bora
— 2_< l Wind, E pBorn

Iw-,!,' (38)

As the quark masses are small compared with My/, the fermion-mass effects are small for the
W decay. If we neglect them we obtain the simple formulae

r B o m - wf - ^ - iv. iJ rB o m - 3 a M w

- t fcg 2^IK, | , rw ~ 2 2 ^ -
(39)

* As the finite decay width of the W bosons will have a substantial impact on the Coulomb singularity, a LL
analysis involving this Coulomb singularity only makes sense foi off-shell W bosons.
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MH [GeV]

oc.

mt [GeV]

C [GeV]
rsr [Gev]
Tw [GeV]
Tw [GeV]

&.

^QCD

300
0.117

164.80

1.9490

2.0354

2.0642

2.0791

0.03416

-0.00347

0.02495

300

0.123
165.26

1.9490

2.0354

2.0663

2.0817

0.03398

-0.00347

0.02623

300

0.129
165.73

1.9490

2.0354

2.0684

2.0844

0.03380

-0.00347

0.02751

60
0.123
148.14

1.9490
2.0354

2.0681

2.0813

0.03491

-0.00369

0.02623

300

0.123
165.26

1.9490

2.0354

2.0663

2.0817

0.03398
-0.00347

0.02623

1000

0.123
181.20

1.9490

2.0354

2.0639

2.0819

0.03275
-0.00341

0.02623

Table 6: Higgs-mass and a, dependence of the W-boson width

2.4.2 Higher-order corrections to the W-boson width

The electroweak and QCD radiative corrections for decays into massless fermions (mj -C Mw)
have been calculated in [17]—[19]. The full one-loop electroweak and QCD corrections, together
with the complete photonic and gluonic bremsstrahlung, were evaluated for arbitrary fermion
masses in [20]. The various calculations axe in good agreement. The relative corrections to the
total W-boson decay width are given in table 6. The electroweak corrections in the on-shell
scheme 5'w = IV/ r^™ — 1 — £QCD are predominantly originating from the running of a and
the corrections oc aml/Myf to the p parameter. These corrections can be easily accounted for
by parametrizing the lowest-order width in terms of G^ and My/ instead of a and «w . The
width in this G^ parametrization Fw is related to the width in the on-shell parametrization
Twby

rw = r w -
1-Ar

[l + 6'w +

1 - A r

! = fB°m(l + 5Q C D ) . (40)

As can be seen from table 6 the electroweak corrections with respect to the parametrization
with Gy., S'w, depend in a negligible way on MH, and remain below 0.5% for the total width.
The QCD corrections £QCD are practically constant and equal to 2a,(A/w)/(37r), their value for
zero fermion masses. For the numerical evaluation we use a,(Mw) = 0.123 (i.e. equal to the
default input value). The difference between Fw and the more precise Fw is caused by missing
higher-order terms related to Ar.

We obtain the following improved Born approximation for the total and partial widths [40]
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T(W -» e>/«)

r(w - /*»„)
T(W -» ri/T)

T(W - lep.)

r(w -• ud)
r ( w -> us) x 10

r ( w ->ub) x io4

T(W -> cd) x 10

r(w -cs)
T(W -> cb) x 102

T(W - had.)

T(W -> all)

Born

m/^0

0.2262

0.2262

0.2261

0.6785

0.6455

0.3315

0.1080
0.3312

0.6441

0.1080

1.3569

2.0354

complete

my / 0

0.2255

0.2255

0.2253

0.6763
0.6684

0.3432

0.1122

0.3431

0.6672

0.1121

1.4054

2.0817

complete

m/ = 0

0.2255

0.2255
0.2255

0.6765
0.6684

0.3432

0.1124

0.3432

0.6673
0.1124

1.4055

2.0820

IBA

(m/ = 0)

0.2262

0.2262
0.2262

0.6787

0.6708

0.3444

0.1128

0.3444

0.6697

0.1128

1.4104

2.0891

Branching
ratio

0.1083

0.1083
0.1082

0.3249
0.3211

0.0165

0.000005

0.0165

0.3205

0.0005

0.6751

Table 7: Partial and total W-decay widths IV in different approximations given in GeV.

) = & \Vii\

In table 7 we compare the improved Born approximation (IBA) for the partial and total
widths, given by equation (41), with the lowest-order widths, the widths including the complete
first-order and leading higher-order corrections for finite fermion masses, and the same for
vanishing fermion masses, all in the (?„ parametrization. The effects of the fermion masses,
which are of the order m^/Afyy, are below 0.3%. Consequently the exact numerical values
for the masses of the external fermions are irrelevant. The IBA reproduces the exact results
within 0.4% (0.6% for the decays into a b-quark). The branching ratios for the individual
decay channels derived from equation (41), which depend only on a, and Kj, agree numerically
within 0.1% with those obtained from the full one-loop results.
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Figure 4: Lowest-order diagrams for e+e~ —* W+W~ —» 4 /

du

ei>e

du

43
20

10

sc

11

20
10

ei/e

20

56

18

10

18

19

10

18

8

Table 8: Number of Feynman diagrams for W-pair produced four-fermion final states.

3 Off-Shell W-Pair Production

3.1 Lowest order: an introduction

So far we have only considered the production of stable W bosons. This is, however, only an
approximation and in particular in the threshold region it is not sufficient. Rather, one has to
describe the W bosons as resonances, with a finite width so as to avoid singularities inside the
physical phase space, and analyse their presence through their decay products:

Process (42) involves two resonant W bosons (doubly-resonant) and can be viewed as a very
natural first step beyond the on-shell limit. In lowest order this process is represented by the
three Feynman diagrams shown in figure 4. However, the full four-fermion process does not only
proceed through the three doubly-resonant diagrams. There are also contributions from other
diagrams with the same initial and final states, but different intermediate states. Classifications
of four-fermion production processes and of the contributing diagrams are given in [41, 42]. In
table 8 we give the number of diagrams contributing for final states that can be reached by
W-pair intermediate states. These so-called charged-current processes are sometimes referred
to as CCn, with n denoting the number of contributing diagrams [e.g. CC3 denotes process
(42)]. The simplest case (boldface numbers in table 8) is fully covered by doubly- and singly-
resonant diagrams as given in figures 4 and 5. Additional graphs of the types shown in figure 6
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Figure 5: Example of a singly-resonant diagram.

Figure 6: Examples of additional diagrams for final states with electrons and electron-neutrinos.

must be taken into account if electrons or electron-neutrinos are produced (roman numbers in
table 8). If the produced final state consists of partide-antiparticle pairs, the final state can
also be obtained through intermediate Z-pair production, leading to extra Feynman diagrams
(italic numbers in table 8). Finally, it should be mentioned that QCD diagrams, involving
an intermediate gluon, contribute in the case of final states consisting of two quark-antiquark
pairs.

3.2 Semi-analytical approach

We will now, in a first step of sophistication beyond on-shell W-pair production, introduce a
finite W width and perform the CC3 calculation. In the following a semi-analytical method will
be emphasized, whereas Monte Carlo methods are treated elsewhere [22]. The starting point is

o b

with s+ = k^. and s_ = kl the virtualities of the internal W bosons. The Breit-Wigner densities

1
xBR (44)
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contain the finite width of the W boson, the coupling constants of its decay to fermions, and
the corresponding branching ratio. In the limit of stable W bosons, the on-shell cross-section
is recovered via

p ^Q -

The two-fold differential cross-section contains terms corresponding to the Feynman diagrams
of figure 4 and their interferences. In the notation of [43] it may be described by three terms,

, s.) =
6 " *

C C C 3 yCC3 + C C C 3 C/CC3 (46)

The couplings Cera1' contain the weak mixing angle, the Z-e vector and axial-vector coupling,
the triple-gauge-boson couplings, and the ^-channel Z and 7 propagators. The kinematical
functions G^3

3f'ff are known analytically [21]:

&(«;«+,«_) = —[*(«,*+,«_)+ 12«(«++«_)-48«+«_

+ 24«+a_(«-«+ -«_) £(*;$+,«_)] , (47)

12 (5

I2s($s+

where

•• l o g

(48)

(49)

(50)

(51)

The numerical importance of the W-boson off-shellness in equation (43) is displayed in figure 7.
Clearly, the effect of the finite W width is comparable to the one from universal initial-state
radiation, defined in section 3.4.1.

The second level of sophistication of W-pair production is reached by performing calculations
for complete sets of Feynman diagrams for specific final states. The simplest case, the CC11 class
of processes, corresponds to four-fermion final states without electrons or electron-neutrinos
and without particle-antiparticle pairs. The corresponding gauge-invariant set of Feynman
diagrams consists of the three doubly-resonant diagrams of figure 4 plus at most eight singly-
resonant diagrams of the type shown in figure 5. This class of processes is still calculable in
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Figure 7: The inclusive CC3 cross-section.

the semi-analytical approach and is of specific interest for the W-mass determination and the
TGC studies. The corresponding cross-section is given by [43]

(52)

with

d*+d,_ - - " - v - . ' + . ' - ) - (53)

Initial- and final-state couplings, as well as intermediate W, Z, and 7 propagators are collected
in the (Vs. The kinematical details are contained in the (/it's. Because of symmetry properties,
under the exchanges of the three virtualities, only six of these kinematical functions are inde-
pendent. Apart from the three kinematical functions of the CC3 process, three more enter as a
result of the singly-resonant diagrams. Explicit expressions can be found in [43].

A similar semi-analytical analysis of the remaining four-fermion final states has not been
performed so far, although this would be desirable.
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3.3 Lowest order: the gauge-invariance issue

The discussion in the previous subsections has avoided the question of gauge invariance which
arises when going from on-shell W-pair production to the off-shell case. There are two sources
of gauge non-invariance one has to be aware of.

First of all there is the issue of gauge non-invariance as a result of incomplete sets of
contributions. Consider to this end again the process

/,, (54)

represented by the three Feynman diagrams shown in figure 4. Forgetting about the finite W
width the corresponding matrix element can be written in the following form:

I2k\ - v i x (55)

where

1 t Ml Q

are directly related to the corresponding on-shell quantities Mi and MQ defined in equation (15).
Here k± are the momenta of the W* bosons as reconstructed from the decay products, and s
and t the usual Mandelstam variables for e+e~ —> W+W". We have assumed that all fermion
masses are negligible. In a renormalizable gauge such as a R( gauge one would otherwise have
to consider in addition diagrams involving one or two unphysical charged Higgs bosons instead
of the W bosons.

Whereas for on-shell W bosons the contributions of Mi and MQ are separately gauge-
invariant, for off-shell W bosons not even Â Bom is gauge-invariant. This can be illustrated
by considering the doubly-resonant diagrams in an axial gauge [9]. To this end we replace the
conventional't Hooft-Feynman gauge-fixing term for the W boson by -(n"W+)(n"WI7). This
modifies the W-boson propagators in the diagrams of figure 4 and, since this gauge-fixing term
does not eliminate the mixing between the W-boson field and the corresponding unphysical
Higgs field, leads to mixing propagators between those fields, giving rise to additional Feynman
diagrams. Combining all relevant diagrams yields the following extra contribution to M^orn in
the axial gauge:

M Born I axial gauge
-Ml 't Hooft-Feynman gauge

c * 1

s \s-Ml

• k+) \/2s
(57)
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Note that these gauge-dependent terms involve either a pole in (fc+ - My,) or (fci — Af^) but
not both, i.e. they are only singly-resonant. These terms are exactly cancelled by the gauge-
dependent contributions of eight singly-resonant diagrams contributing to the same final state
with the topology shown in figure 5.

The sum of the doubly-resonant diagrams and the singly-resonant ones with the topology
shown in figure 5 is in general gauge-invariant. This follows directly from the fact that for
final states with four different fermions and no electrons or positrons those diagrams are the
only ones that contribute. As a consequence the non-resonant diagrams are not needed to
cancel the gauge-dependent terms of the doubly-resonant diagrams. Among the non-resonant
diagrams and the singly-resonant ones that do not have the topology shown in figure 5 further
gauge-invariant subsets can be identified by considering other four-fermion final states.

Thus, in general all graphs that contribute to a given final state have to be taken into
account and one is lead to consider the complete process e+e~ —> 4/ , including all resonant
and non-resonant graphs, in order to obtain a manifestly gauge-independent result.

Simple estimates indicate that all non-doubly-resonant contributions are typically sup-
pressed by a factor Ty/fMy, ss 2.5% on the cross-section level for each non-resonant W
propagator'. This is confirmed by explicit calculations [22]. For instance, using covariant (R()
gauges the universal non-doubly-resonant graphs that occur for all final states (see figure 5)
contribute less than 0.15% to the total cross-section for 175 GeV < v^ < 205 GeV, and 0.3%
at 161 GeV. The contribution of the non-doubly-resonant t-channel photon-exchange graphs,
which only occur when there are electrons in the final state, depends very much on the angular
cut imposed on the outgoing electrons; for 10° they contribute at the per-cent level, e.g. ~ 4%
at y/s = 190 GeV. Although all these non-doubly-resonant contributions are suppressed, they
should nevertheless be taken into account to reach a theoretical accuracy of ~ 0.5%. Finally,
the QCD graphs have been shown not to interfere with the electroweak graphs to any sizable
extent, and can thus be computed using standard (Monte Carlo) QCD programs.

Even when considering the complete set of graphs contributing to a given final state, there is
still a more fundamental gauge-invariance problem to be solved. The resonant graphs discussed
above involve poles at fc| = My,.m These have to be cured by introducing the finite width
in one way or another, while at the same time preserving gauge independence and, through
a proper energy dependence, unitarity. In field theory, such widths arise naturally from the
imaginary parts of higher-order diagrams describing the boson self-energies, resummed to all
orders. This procedure has been used with great success in the past: indeed, the Z resonance
can be described to very high numerical accuracy. However, in doing a Dyson summation of
self-energy graphs, we are singling out only a very limited subset of all the possible higher-order

'For differential distributions that do not involve an explicit phase, like e.g. <rtot or d<r/(dcos0), there
will be no interference between doubly- and singly-resonant diagrams. Consequently the non-doubly-resonant
contributions are suppressed by Y^/My, a 0.1% in those cases [44].

""There are similar poles associated with diagrams containing internal Z propagators. These correspond to
Z-pair production and are here considered as background to W-pair production.

I l l

diagrams. It is therefore not surprising that one often ends up with a result that retains some
gauge dependence.

For example it is very tempting to systematically replace l/(q2 — M2) by l/(q2 — M2 +iMF),
also for q2 < 0. Here T denotes the physical width of the particle with mass M and momentum
q. This is the so-called 'fixed-width scheme'. As in general the resonant diagrams are not
gauge-invariant by themselves, this substitution will again destroy gauge invariance. Moreover,
the 'fixed-width scheme' has no physical motivation. In perturbation theory the propagator for
space-like momenta does not develop an imaginary part. Consequently, unitarity is violated
in this scheme. To improve on the latter the constant width could be replaced by a running
one. This can, however, not cure the gauge non-invariance problem. At this point one might
ask oneself the legitimate question whether the gauge breaking occurring in the 'fixed-width
scheme' is numerically relevant or, like the gauge breaking in the LEP1 analyses, negligible for
all practical purposes. Of course, such a statement can only be made on the basis of an explicit
comparison with truly gauge-invariant schemes in the full LEP2 energy range. We will come
back to that point later on, after having defined a scheme that is gauge-invariant and reliable
at LEP2.

Below we will list a few ways to come to a gauge-invariant result and discuss their validity.

One way to sidestep the gauge non-invariance problem is by simply multiplying the full
matrix element by [q2 - M2]/[q2 - M2 + iMT(q2)], which is evidently gauge-invariant [45, 46].
In this way the pole at q2 = M2 is softened into a resonance, at the expense of mistreating
the non-resonant parts. It should be noted that when the doubly-resonant diagrams are not
dominant, like at energies at and below the W-pair production threshold, this so-called 'fudge-
factor scheme' can lead to large deviations [47].

The second possibility is the so-called 'pole scheme' [23]-[25]. In this scheme one decom-
poses the complete amplitude, consisting of contributions from doubly-resonant diagrams ii+_
(corresponding in lowest order to MBOTV.), singly-resonant diagrams R+, R-, and non-resonant
diagrams TV, according to their poles as follows:

R+4kl,kj,6) R+(k2
+,kl,6) R-(k2

+,kl,6)
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(58)

Here 6 stands generically for all angular variables which should be denned in such a way that
their integration boundaries are independent of k+ and fc£. Otherwise these angular variables
would introduce an additional dependence on k\ and fc*, and the correct pole terms could
only be extracted after the angular integrations had been performed. This would complicate
the pole decomposition and, in particular, would not be suited for a Monte-Carlo generator.
Appropriate variables are e.g. the angles in the e+e~-CM system but not the Mandelstam
variables. In equation (58) M is decomposed into gauge-invariant subsets originating from
double-pole terms, single-pole terms, and non-pole terms (with repect to Afw). Introducing
now the finite width only in the pole factors and not in the finite constant residues in brackets
does not destroy gauge invariance. We note that different ways of introducing the finite width,
e.g. constant or running, differ only by terms that are of higher-order and/or that are not of
the double-pole type". The same holds for different choices of the angular variables 8 (see
section 3.4.4).

A drawback of the 'pole scheme' is the fact that it is not defined below the W-pair production
threshold and that it yields unreliable results just above this threshold (see section 3.4.4).

Apart from yielding gauge-invariant results, the 'pole-scheme' decomposition also consti-
tutes a systematic expansion according to the degree of resonance, i.e. in powers of Fw/(Afw/?).
Here the enhancement factor 1//3 represents the influence of the nearby threshold on the expan-
sion. Sufficiently far above the W-pair threshold and after imposing appropriate angular and
invariant mass cuts, in order to reduce Z-pair and i-channel photon-exchange backgrounds, the
cross-section for off-sheE W-pair production is dominated by (or may even by defined by) the
double-pole terms R+-{My,,Myj,8). At least at lowest order these may be related to on-shell
W-pair production in the following way:

,, 9) = . x (59)

where .A/fe+e-_w+w-5 A^w+—/,/3) A^w-—/j/4 denote the matrix elements for the production of
two on-shell W bosons and their subsequent decay into fermion-antifermion pairs. As such the
'pole scheme' is a natural starting point for the systematic evaluation of higher-order corrections
[9, 25] (see also section 3.4.4).

As a third method, one may determine the minimal set of Feynman diagrams that is neces-
sary to compensate for the gauge violation caused by the self-energy graphs, and try to include
these [48, 49]. This is obviously the theoretically most satisfying solution, but it may cause

"There is no unique prescription for the piopagatoi including the finite width. Instead of the constant term
one can also use a width depending on the invariant mass k\.. This corresponds to different definitions

of the (renormalized) W mass, which is fixed by the pole of the propagator. A popular choice is JfeJrw/Mw>
which amounts to a shift in M w by Tw/(2Afw) » 26MeV relative to the propagator with the constant-width
term.
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an increase in the complexity of the matrix elements and a consequent slowing down of the
numerical calculations. For the vector bosons, the lowest-order widths are given by the imagi-
nary parts of the fermion loops in the one-loop self-energies. It is therefore natural to include
the other possible one-particle-irreducible fermionic one-loop corrections [47, 50, 51]. For the
process e+e~ —» 4/ this amounts to adding the fermionic triple-gauge-boson vertex corrections.
The complete set of fermionic contributions form a gauge-independent subset and obey all Ward
identities exactly, even with resummed propagators [52]. This implies that the high-energy and
collinear limits are properly behaved. In contrast to all other schemes mentioned above, the
'fermion-loop scheme' recommended here does not modify the theory by hand but selects an
appropriate set of higher-order contributions to restore gauge invariance. To solve the problem
of gauge invariance related to the width, we in fact only have to consider the imaginary parts
of these fermionic contributions".

The 'fermion-loop scheme' should work properly for all tree-level calculations involving
resonant W bosons and Z bosons or other particles decaying exclusively into fermions. This
also includes, for instance, the hard-photon process e+e~ —* 4 / + 7 , which requires in addition to
fermionic vertex corrections also fermionic box corrections. For resonating particles decaying
also into bosons, such as the top quark, or for calculating RC's to e+e~ —> 4/ , which also
involves bosonic corrections, the 'fermion-loop scheme' is not really suited.

Although the latter scheme is well-justified in standard perturbation theory, it should be
stressed that any working scheme is arbitrary to a greater or lesser extent: since the Dyson
summation must necessarily be taken to all orders of perturbation theory, and we are not able to
compute the complete set of all Feynman diagrams to all orders, the various schemes differ even
if they lead to formally gauge-invariant results. In [53] another technique, the so-called 'pinch
technique', has been introduced in order to construct a gauge-parameter-independent Dyson
summation. Even if the 'pinch technique' yields gauge-independent results, it still contains
some arbitrariness in the sense that one still has the freedom to shift gauge-independent parts
that fulfill the Ward identities from the vertex corrections to the self-energies. For instance, it
has been demonstrated in [54] that the 'background-field method' can be used to construct an
infinite variety of such shifts, all representing (theoretically) equally well-justified schemes for
resumming self-energies.

Now it is a numerical question how much the predictions of different schemes differ. In
[51] a detailed study has been given for the process e+e~ —» e~Peud, a process that is highly
sensitive to U(l) electromagnetic gauge violation. In this process the electron may emit a
virtual photon, whose k2 can be as small as m\: with a total centre-of-mass energy of ^/s
available, we have a mass ratio of s /m| = O(K)11), large enough to amplify even a tiny gauge
violation in a disastrous wayp. In table 9 we give the cross-section corresponding to the t-channel
photon-exchange diagrams, responsible for the amplification of the gauge-breaking terms in the
collinear limit. The results are given for two values of the minimum electron scattering angle

°As the Ward identities are linear, we can separate the real and imaginary parts.
pThis was noted already in [55], and investigated further in [46].
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#minj displaying the effect of cutting away the dangerous collinear limit. It is clear that a naive
introduction of a running width without a proper inclusion of fermionic corrections to the three-
vector-boson vertex, which breaks U(l) electromagnetic gauge invariance, leads to completely
unreliable results. The above-described gauge-invariant methods as well as the IA(l)-preserving
'fixed-width scheme' numerically deviate by much less than Fw/Mw- Hence, a naive running
width is not suited for LEP2, whereas a constant width, although SU(2) x £7(1) gauge breaking,
might constitute a workable approach. As in the collinear limit fcJ —• 0 the gauge-breaking terms
originating from a naive running width are proportional to the dominant lowest-order graphs, it
is possible to multiply the 7WW Yang-Mills vertex with a simple factor to successfully restore
the 1̂ (1) gauge invariance. This factor is, however, certainly not universal. It will depend on
the way the running width is introduced and on the process under investigation. Moreover,
such a simple factor breaks unitarity and at high energies the full expression from the fermion
loops is required for having a proper energy dependence.

Scheme

Fixed width
Running width, no correction
Fudge factor, with running width
Pole scheme, with running width
fermion-loop scheme

<7[pb]

•«mm = 0°

.08887(8)
60738(176)

.08892(8)

.08921(8)

.08896(8)

0min = 10°

.01660(3)

.01713(3)

.01671(3)

.01666(3)

.01661(3)

Table 9: Cross-section in different schemes for the ^-channel photon-exchange diagrams of
e+e~ —» e~i/eud. All schemes were computed using the same sample, so the differences are
much more significant than the integration error suggests.

3.4 Radiative corrections

So far no complete treatment for the O{a) corrections to off-shell W-pair production is available.
Essentially only the initial-state photonic corrections, the final-state Coulomb correction, and
the full hard process e+e~ —* 4/+7 have been treated so far'. These are discussed in the
following. The leading weak effects are normally taken into account through dressed lowest-
order matrix elements, using (?,, and a(s).r In addition we describe a general strategy for the
calculation of corrections beyond the lowest order using the 'pole scheme'.

'An evaluation of all resummed one-particle-irreducible fermionic O{a) corrections, in the context of the
'fermion-loop scheme', is in progress [52],

'The uncertainty associated with different theoretical definitions of < w , i.e. * w = 1 — M^/M} or « w =
5 , Afw) , are found to be below 0.1%.
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3.4.1 Initial-state radiation

Most of the published calculations for corrections to off-shell W-pair production that have been
done so far cover only part of the photonic corrections, mainly because these are easily treatable
and constitute a large part of the RC's. From the discussion of the on-shell process we know
that initial-state radiation (ISR) yields large corrections originating from the leading collinear
logarithms. As will be discussed in appendix A these can be easily obtained by applying the
structure-function method. Just in the same way as in the on-shell case the corrections to the
off-shell cross-section are calculated by convoluting the lowest-order cross-section (in a certain
gauge-invariant scheme) with the appropriate structure functions. In appendix A a detailed
analysis is given of the theoretical uncertainties associated with the leading-log procedure.

In the present-day Monte Carlos different ways of implementing the leading logarithmic
corrections have been adopted [22]. One method involves solving the evolution equations for
the structure functions numerically using techniques known from parton-shower algorithms. In
this way soft-photon exponentiation and resummation of the leading logarithms from multiple
hard-photon emission are automatically taken into account. Photons are generated according
to the matrix elements in the collinear limit, in this way allowing for a finite pr kick to the
photon. The second method involves a fully inclusive treatment of the radiated photons by
folding the improved lowest-order cross-section with leading-log structure functions. So, no
explicit photons are generated. The most recent development is a kind of merger of an explicit
e+e~ —> 4/7 Monte Carlo folded with structure functions, allowing for a consistent definition
of observable and unobservable photon radiation (see section 3.4.3).

Another approach is to include the complete ISR. To this end one has to define it in a
way that preserves the U(l) electromagnetic gauge invariance. This is non-trivial because of
the presence of the ^-channel diagram which involves a non-conserved charge flow in the initial
state. One technique to circumvent this problem is the so-called current-splitting technique [56],
which amounts to splitting the electrically neutral neutrino in the t-channel diagram into two
oppositely flowing leptons each with charge one. One of them is attributed to the initial state to
build a continous flow of charge, the other is attributed to the final state to do the same there.
The modified vt propagator leads to additional real and virtual initial-state photonic diagrams
which render the ISR gauge-invariant. In this way one obtains the usual universal ^-channel
ISR known from LEP1 plus additional non-universal contributions arising from the ^-channel
diagrams. The latter are non-factorizing with respect to the lowest-order cross-section, but
are screened by a factor k\k^_/s2, which automatically guarantees a unitary behaviour at high
energies. Moreover they turn out to be numerically small at LEP2 energies. The universal ISR
contains all leading logarithms and can be supplemented by the known universal higher-order
terms [57].

It should be noted that both the leading-log and the current-splitting method leave out
non-leading photonic corrections, for instance associated with radiation of photons off the
intermediate W bosons. For on-shell W bosons we give in table 10 a comparison of exact and
leading-log evaluations of the quantity / dEy E-, (der/dEy), needed for the average energy loss
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[GeV]

161.0
165.0

170.0

175.0
184.0

190.0

205.0

[GeV • pb]

0.1377 ± 0.0001

3.619 ± 0.002

10.120 ± 0.006

17.437 ± 0.011
30.882 ± 0.029

39.562 ± 0.037

59.126 ± 0.076

leading-log results

L

0.1436
3.792

10.651

18.431
32.873

42.224

63.581

L-1

0.1379

3.642

10.232

17.708
31.589

40.578

61.117

L-1

0.1375

3.607

10.089

17.403
30.902

39.595
59.322

Table 10: The quantity JAEjEy(dcr/dE^) needed for the average energy loss. The exact
on-shell result from hard-photon radiation is given as well as the corresponding leading-log
approximation, using L = log(Qz/ml) or L — 1.

{.£-,).' It is clear that a sufficiently accurate leading-log evaluation should be based on L — 1
rather than L. Furthermore, the often-used scale choice Q2 = s leads to deviations of about
3% at 190 GeV, which would translate into an error of ~ 60MeV on (£7). The scale choice
Ql = 4MW£/(1 + P), however, agrees with the exact result at the 0.3% level for all LEP2
energies, leading to errors below lOMeV in (JE,). As there is no obvious reason why these
non-leading terms should be smaller in the off-shell case, some care has to be taken with the
choice of a suitable leading-log scale.

3.4.2 The Coulomb singularity

Another potentially large photonic correction, not associated with the initial state, is due to
the Coulomb singularity in the threshold region, which has been discussed for off-shell W-pair
production in [58]-[60]. It originates from the IR limit and at one-loop it emerges from a single
IR-singular scalar three-point function and a related IR-singular scalar four-point function, the
IR-singular part of which is just a scaled version of the one contained in the three-point function
(see figure 8). The gauge invariance of the coefficients of these two scalar functions allows us

'The (lowest-order) average energy loss (E-,) can be obtained by normalizing to the lowest-order cross-section
of table 2. Dressing this lowest-order cross-section by LL stinctute functions, running couplings etc., only makes
sense when the energy-weighted cross-section appearing in the numerator is treated in the same way!
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Figure 8: Diagrams that contribute to the Coulomb singularity.

to include the width in a gauge-invariant way. Thus one obtains a gauge-invariant correction
factor to the lowest-order cross-section resulting from the doubly-resonant diagrams:

CCoul =
off 2 /|,
—•= 1 a rc tan I - 'I (60)

with

+ ki) +

A = (61)

and —ir/2 < arctan y < ir/2. Here @ is the average velocity of the W bosons in their centre-of-
mass system. Equation (60) only refers to the Coulomb singularity; the finite remnants of the
above mentioned three-point function, containing also the IR divergence, have been left out.
From equation (60) we obtain the usual on-shell Coulomb singularity for stable W bosons and
ft ^ 0 by first going on-shell, i.e. A = 0 and fi2 = Re/?^ = /32, and subsequently taking the
limit Fw —• 0. Note that in this limit the otherwise negligible it in M2 becomes relevant.

In contrast to the on-shell case there are various effects present in equation (60) that effec-
tively truncate the range of the Coulomb interaction. The presence of a Coulomb singularity
requires that J3 be at least of the same order of magnitude as A and \0M\, which is bounded by
the W width according to \0M\ ~ yTw/Afw- This confirms the intuitive argument [58] that
the Coulomb singularity is modified substantially by finite-width effects if the characteristic
time of the Coulomb interaction (<coui ~ l/\02My/]) is of the same order as or larger than
the typical decay time (tT ~ 1/IV) of the W bosons. While the effect of the finiteW width
is contained in @M, the off-shellness shows up in A and in the difference \filf - /32|, which
effectively involves \k\ + k2_ — 2Afw|/.s. This is in agreement with the argument [59] that the
off-shellness of the virtual W bosons will affect the Coulomb singularity, if the typical times
(*OFS ~ l/lfc±,o - v'Mw + Jfeil ~ l/ly/fcf - Mw |) for which off-shell W* bosons with four-
momenta k± exist is of the same order as or smaller than icoul- It should be noted that as a
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result of the convolution with the Breit-Wigner functions from the W resonances, the quantity
A plays a negligible role in an adequate description of the Coulomb phenomenon [59]. Con-
sequently the at first sight deviating formulae of [59] and [60] constitute equally well-justified
representations of this phenomenon.

In the case of the total CC3 cross-section, the Coulomb singularity gives rise to a correction
factor which reaches its maximal value of ~ 5.7% at the nominal threshold and drops smoothly
below and above threshold. While it amounts to 2.4% at y/a = 176 GeV it is only 1.8% at
190 GeV. The corresponding effect on the reconstructed W mass, resulting from the pronounced
energy dependence, is a shift at the level of 5-10 MeV. Because of the fact that the Coulomb
singularity is screened by the finite width of the W bosons and the off-shell effects, higher-order
Coulomb corrections are not important for off-shell W-pair production [59]-[61]. Moreover,
bound states of the two W bosons do not have the time to form because of the finite-width
effects. The typical time scale needed for the formation of a bound state t[OTm ~ l/(a2Afw) «
234 GeV"1 is much larger than the typical decay time tT - 1/Tw « 0.5 GeV"1.

3.4.3 The hard-photon process

As mentioned before, in W-pair production the distinction between initial- and final-state
radiation is not unique, unlike in the case of neutral particles such as the Z boson. In the matrix
element, the universal leading logarithmic parts are easily separable, but the non-universal
finite terms do not split naturally. An accurate calculation of the photon spectrum, beyond the
leading logarithmic approximation, thus has to take into account initial-state radiation, final-
state radiation, radiation off the W bosons, and various interference effects. These calculations
have been performed for the final state consisting of 4 fermions and one photon [62]—[64].
However, the forward emission of many photons, described well by the structure functions and
parton-shower algorithms described in section 3.4.1 and in appendix A, is not included in these
calculations. Recently efforts have been made to combine the two approaches [65, 66]. We give
here the most salient points of these papers.

First we discuss the one-photon matrix element. This contains all graphs with two resonant
W propagators, including radiation off the W bosons and the four-vector-boson interaction.
The resulting non-leading terms are negative and tend to decrease the energy lost in initial-
state radiation. On top of that one can also include the non-doubly-resonant graphs. The
universal ones that contribute for all channels are totally negligible [62, 63], just as in the
non-radiative process, whereas the t-channel graphs show the expected collinear log(l — cos 5)
behaviour.

The next step is to combine this hard matrix element, which is needed for large angles, with
the resummed leading-log structure function [65] or parton shower [66], which gives a good
description of (multiple-) photon radiation at small angles. This is done by using the exact
matrix element (convoluted with initial-state radiation) outside a cone [65] around the incoming
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0.03

[GeV]

Figure 9: Photon energy spectrum in the one-photon approximation (I7) and the same com-
bined with resummed structure functions (full) for the reaction e+e" -+ /i+i//tr~PT.

electrons and positrons'. Inside this cone one subtracts the leading logarithmic contribution
from the hard matrix element, adds the tree-level matrix element, and subsequently convolutes
everything with initial-state radiation. Of course the structure function or parton shower has
to be restricted to radiate within the cone or virtuality cut-off. In the former case the scale
Q2 = s(l—oos8c)/2 is used, with 0C defining the cone.

In order to compare this approach with the one-photon matrix element on the one hand, and
a purely leading-log description on the other, we have to define some kinematical observables.
The most relevant ones for the W-mass measurement are the observable and unobservable
photon energies. We define these with respect to the ADLO/TH set of canonical cuts defined
in [22]. A photon which passes all cuts is called 'observable', and one that is combined with one
of the beams is 'unobservable'. Photons close to final-state particles are not counted either way.
The unobservable photon energy is the quantity most relevant to the W-mass reconstruction
without explicit photons, whereas the observable photon energy gives an indication how well
the resummed leading-log and one-photon matrix elements describe large-angle radiation.

In order to get sensible results for these photon energies we will have to include an estimate of
the unresummed soft and virtual corrections, which are not yet fully known. These corrections
are only needed inside the cone as a weight of the structure function. As such the corresponding
uncertainty partially cancels out in the average photon energies (E^) = JdE1(dcr/dE^) E^/cr.
In the actual analysis presented below we circumvent the problem by leaving out the virtual
corrections and tuning the non-leading-log part of the soft corrections (through the IR regulator

'Instead of a cone also a cut-off on the e,*-
tadiation [66].

viituality can be used to define the region of multiple-photon
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(To [pb]
(rf [pb]

• • £ « « [Pb]

full

17
LL

with backgr

{£*•) [GeV]
full

17
LL

with backgr

(E^°u) [GeV]
full

17
LL

with backgr

leptonic

0.712

0.594
0.595

0.275
0.365
0.286

0.275

1.227
1.437

1.238
1.226

0.676
0.878
0.666

0.676

semi-leptonic

4.485
3.732
3.736

0.249
0.328
0.260

0.250

0.995
1.167

1.028
0.994

0.664

0.873
0.667
0.664

hadronic

7.024

5.845
5.853

0.229
0.302
0.232

0.229

0.760
0.899
0.801
0.759

0.645
0.872
0.664
0.644

Table 11: Cross-section for observable photons and the energy lost to observable and unobserv-
able photons at T/S = 175 GeV.

mass Ant) in such a way that it cancels in the total cross-section against the non-leading-log part
of the hard-photon corrections. Consequently, the resulting total cross-section is simply given by
the lowest-order cross-section convoluted with leading logarithmic structure functions. As the
initial-final and final-final interference is expected to be of order aTyt/My/ (see section 3.4.4),
this is a reasonable approximation.

The results for the structure-function algorithm of [65] are given in table 11 for leptonic,
semi-leptonic, and hadronic final states". For the cone 6C — 10° was chosen, but the results
do not depend strongly on this parameter (6C = 5° only shifts the values by about 1%). In
table 11 we first give the observable tree-level non-radiative doubly-resonant cross-section (ffo),
the same convoluted with leading-log structure functions (ffj*), and with in addition the uni-
versal non-doubly-resonant (background) graphs (ffo+fckg). For the next entries we consider the

"It should be noted that only the universal background diagrams were taken into account.
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full calculation described above, the exact one-photon matrix element (I7), and the leading-log
result (LL). We also give the full result including the universal non-doubly-resonant diagrams
(full+backgr). The statistical errors on the cross-sections are O(0.1%), but the differences
(LL — full) and ((res + backgr) — res) were computed directly in this form and have relative
errors of a few per cent and a few tens of per cent, respectively, on these differences. The
statistical errors on the average photon energies are slightly larger, 0.3-0.5%. Note that we
introduced an upper cut-off on the photon energy to avoid the Z peak. This influences only
the observable average energy.

One can see that an appreciable fraction (around one quarter) of the events will be ac-
companied by photons observable in the ADLO/TH set of cuts. This is due to the excellent
forward coverage (ft, > 1°) and electromagnetic calorimeter (Ey > 0.1 GeV) assumed in the
canonical cuts. Reducing the angle to 10° this fraction still is around 20%, half of which also
has an E^ > 1 GeV. Neither the I7 matrix element nor the leading-log approximation give a
satisfactory description of the observable photons. By radiating only one photon one misses
the additional convolution with the structure functions, which scales down the one-photon
cross-section as a result of the large, negative soft-photon effects. On the other hand, the
leading-log approximation misses the negative effects from initial-final state interference and
the radiation off the intermediate W bosons. Finally, given that the un-exponentiated large-
angle contribution of the cross-section still is 20% of the total cross-section, the E-, spectrum in
the region E-f < 1 GeV should not be trusted to 1%, even not in the full calculation. Most of
the cross-section here is, however, associated with the final state and hence does not influence
the W-mass measurement.

The observable photon energy is dominated by final-state radiation and hence not very
interesting. The unobservable energy spectrum is much more independent of the specific final
state. It is not completely independent due to the possibility of observable jets in the beam pipe
(there is no angular cut on jets in the canonical cuts). The initial-state radiation associated with
these events is sometimes combined with the final state by the canonical cuts, thus lowering the
average energy. As the radiation off jets is not modelled correctly anyway, a jet-angle cut will
have to be imposed to exclude this contamination. One sees that analysing observable photons
separately reduces the average energy loss, and hence the size of the theoretical corrections to
be applied to the fitted W-mass. For the unobservable radiation the leading-log approximation
is, as expected, quite good. Like in the total cross-section, the contribution of the universal
non-doubly-resonant graphs is negligible.

We conclude that the one-photon matrix element does not describe observable photons or
unobservable photons well, whereas a leading logarithmic description is not accurate enough for
large-angle photons, as it does not include the negative contributions associated with interfer-
ence terms and radiation off the W bosons. Furthermore, a separate analysis of the events with
an observable photon (around one quarter of all events with the canonical cuts) reduces the
average energy loss considerably, thus reducing the uncertainties coming from this theoretical
input.
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3.4.4 General approach to radiative corrections within the pole scheme

Finally, we discuss the way in which a reasonable approximation to the full radiative corrections
to the process e+e~ —• 4 / can be computed. We do not consider QCD corrections. The
perturbative QCD corrections to the final state are well-understood, as the main part is confined
to the decay of a single W, which should be similar to the hadronic Z decays studied at LEP1.
Perturbative QCD interference effects between the decay products of different W bosons are
suppressed by a factor a2J(Nl — 1). The related non-perturbative interference effects associated
with the hadronization are discussed in section 3.5.

An electroweak O(a) calculation would consist of the traditional three parts: one-loop
graphs, soft-photon bremsstrahlung, and hard-photon bremsstrahlung. Only the sum is IR
finite. The separation between hard and soft radiation is, as usual, defined with respect to a
photon-energy cut-off E^. Because of the finite W width one either has to use E^ < Tw to
ensure the validity of the soft-photon approximation in the soft-bremsstrahlung integrals (i.e.,
neglecting the effect of the photon momentum on the phase space and on the non-IR-singular
parts of the matrix element), or one has to take into account finite photon energies in the
Breit-Wigner resonances. Close to threshold, moreover, the limited amount of available phase
space demands E^ <C Mw/32.

The soft-bremsstrahlung integrals factorize into a simple multiplicative factor and the Born
amplitude, and can easily be added, either using a 'fixed-width scheme' or the 'fermion-
loop scheme'. Hard-photon radiation (for an arbitrary cut-off) has already been addressed
in section 3.4.3.

What remains are the virtual corrections. However, the full one-loop calculation of the
virtual diagrams appears daunting. For the most simple final state, e+e~ —> /t+i/Mud, there are
3579 Standard-Model Feynman diagrams for massless fermions. This increases to 7158 when
one electron is included in the final state, and reaches 15948 for the most complicated final state
e+e~uti>t. However, not all contributions are equally important. For instance the numerical
significance of the non-doubly-resonant (background) diagrams is small in the Born and hard-
photon calculations, especially if one requires that the event resembles W-pair production. So,
we can assume that the one-loop corrections to these diagrams are even smaller. The problem
then amounts to achieve a clean separation of the radiative corrections to W-pair production

One way to achieve this separation is the 'pole scheme' introduced in section 3.3 for tree-
level matrix elements. There have been various attempts to define one-loop corrections in
this scheme [23]-[25], which differ considerably. Since sofar no actual calculation for W-pair
production has been completed in such a scheme, we restrict ourselves to a few comments.
The idea behind the 'pole scheme' is to include a minimal part of the higher-order corrections
needed to generate a finite width. By making a systematic expansion both in the coupling
parameter a and in the width T (a a), one can identify gauge-invariant contributions of
progressively smaller influence on the final result. We will roughly sketch the method for a
single, neutral particle. For factorizable diagrams, i.e. diagrams that factorize into corrections
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to the production, propagation, and decay of the unstable particles, the amplitude to all orders
can be Dyson resummed as follows [24, 67]

S(?2) V W(p\

f-m2- E(p») - M2 1 - +
W{M2,9) 1
p2 - M2 1 - £'(M2)

(62)

where m denotes the real mass, and M the complex mass given by M2 — m? — £(M2) =
0. The corrections to production and decay are contained in the function W, and £(p2) is
the one-particle-irreducible self-energy. The variable 6 in the vertex-correction function W
stands for other variables, which have to be chosen sensibly (see section 3.3). The first term of
equation (62) does not have a pole and the residue at the pole p2 = M2 of the last term is gauge-
invariant. In [25] it has been shown how to derive the single-pole residue W(M2,0)/[l-'S'(M2)]
and the non-pole terms. The former consists essentially of the on-shell amplitude plus some
terms of O(F). It should, however, be noted that this type of decomposition only works when
the on-shell limit exists. So, for instance below the W-pair production threshold the 'pole-
scheme' method makes no sense, and as a result of that the procedure is not reliable just above
threshold.

When one turns to the production of charged unstable particles, additional problems arise
related to the infra-red divergences that occur in the limit T —» 0. Again these problems can
be overcome [25, 9].

So far the above discussion only took into account factorizable diagrams. There are also non-
factorizable diagrams, e.g. diagrams in which a photon connects the initial and final state or the
decay products of different unstable particles. Those non-factorizable diagrams can give rise to
double-pole contributions when the virtual photon becomes soft. Combined with the related soft
bremsstrahlung it has been shown that the non-factorizable double-pole contributions cancel
up to order aT/m in the fully inclusive total cross-section [69, 70]. For sufficiently exclusive
distributions this is in general not the case [9, 70, 71].

3.5 Reconnection effects

Nearly half of all W pairs decay hadronically. In the LEP2 energy range the average space-
time distance between the W+ and W~ decay vertices is smaller than 0.1 fin, i.e. less than a
typical hadronic size of lfm. Therefore the fragmentation of the W+ and the W~ may not be
independent, and this could influence the W-mass reconstruction. Here a short summary of the
problem is given in a historical order. More can be found in the report of the W-mass group
[8].

The problem is related to two different physical effects: colour reconnections and Bose-
Einstein effects.
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The colour-reconnection problem was first pointed out in [72] using the string-model ap-
proximation. Assuming that the W pair decays into two quark-antiquark pairs qq and QQ,
respectively, it can either fragment into two strings stretched between qq and QQ, or into two
strings stretched between qQ and qQ. In the three-colour world the probability for the second
configuration was taken to be 1/9 in a very crude approximation. The properties of these two
configurations are very different. While the first one gives 'classical' event multiplicities and a
flat rapidity distribution, the second one has a small multiplicity and the particles are grouped
at large rapidity values [72].

The fragmentation of the initial qq pairs into hadrons is conventionally described in terms
of a perturbative parton cascade followed, at a later stage, by a non-perturbative hadronization
phase. In perturbative QCD (PQCD) the influence of one W fragmentation on the other one
is called 'interconnection'. Here the timing is very important [8, 73]: the gluon-emission time
of high-energy gluons, rg ~ 1/Eg, is shorter than the W lifetime, rw ~ 1/Fw * 0.5 GeV"1.
Therefore the gluons with Eg ~5> Fw are emitted independently from the qq and QQ systems,
while gluons with Es < IV may feel four colour charges (=> PQCD interference) [73]. The
non-perturbative hadronization (at distances ~ lfm) is NOT independent. The influence of
PQCD interference is shown to be not very important [73, 74]. It is suppressed by a colour
factor 1/(NQ — 1) = 1/8 as compared to the total rate of double primary gluon emission and, in
addition, only gluons with Eg < Fw are concerned; thus the total suppression factor is about
100 compared to a naive instantaneous reconnection scenario with all events reconnected. It
is much more complicated to estimate the influence of the fragmentation effects. In the Lund
string model analogies to two types of superconductors have been used [73]. The reconnection
probability is taken to be either proportional to the space-time volume over which the W+ and
W~ strings overlap (type I superconductor) or to the probability that vortex lines cross (type
II superconductor). Using these models the fragmentation error was estimated to be 30 MeV
on the W-mass measurement. This error is increased to 40 MeV by adding the estimated error
coming from the perturbative effects as well as from the interplay between perturbative and
non-perturbative effects. Also an extended version of this approach has been investigated [8],
where additionally the space-time evolution of the parton cascade, multiple reconnections, and
a finite vortex-core radius have been taken into account.

In [75] the space-time picture is not used, except for the timing of the gluon emission.
Rather it is assumed that reconnections reducing the total string length are preferred, as indi-
cated by PQCD experience. During fragmentation, in addition to the standard string connec-
tions between quarks and gluons emitted from each W, also any other possible interconnection
(recoupling) between partons emitted from different W bosons is possible with a probability
that may be very different from 1/9. The reduced string length leads to a reduction in mul-
tiplicity in the central rapidity region. In this model the shift in the reconstructed W-mass
varies between 6 and 60 MeV ('shortest-string' version) or between 13 and 130 MeV ('random-
reconnection' version) if the recoupling probability varies between 10 and 100%. Methods to
measure this probability using data from LEP2 have been suggested [8, 75]. A similar model
has been introduced in the ARIADNE program leading to similar mass shifts [76].
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The preliminary estimate of the colour reconnection in HERWIG, based on a reduction of
the space-time extent of clusters, gives mass shifts of the same order as the ones mentioned
above [8].

The dependence of the shift in the reconstructed W-mass on the parameters of different
models has been studied by the LEP experiments in more details [8]. It appears that uncer-
tainties using experimental procedures are not smaller than the ones obtained above. The issue
whether diagnostic signals for reconnection can be found is still open.

Thus the colour-reconnection effect may add a big systematic error to the W-mass mea-
surement in the four-quark channel. The interesting aspect is that different approaches give
uncertainties of the same order.

It may be worthwhile to note that similar (but not identical) 'unconventional' colour con-
nections can also appear inside a single Z system, as is discussed in [8]. The presence/absence
of a signal in Z decays at LEP1 could give an indication of the expected effects in the W+W"
system.

Bose-Einstein correlations have been observed experimentally as an enhancement in the two-
particle correlation function for identical bosons. In the case of a W pair decaying hadronically
a possibility exists of Bose-Einstein correlations between particles that come from different W
bosons [77]. A test of this effect has been made in a model based on PYTHIA and JETSET [77].
The model gives large reconstructed positive mass shifts of the order of 100 MeV, rising with
increasing c.m.s. energy and with decreasing source radius. The real shift may be smaller due to
various damping factors not included in [77] (which is intended as a 'worst-case' scenario), but
effects of the order of 50 MeV could be expected within a large class of possible Bose-Einstein
models.

In the coming years both colour (re)arrangement and Bose-Einstein effects can and should
be studied both theoretically and experimentally. Also the large statistics collected already at
LEP1 may help to study both these effects.

4 Concluding Remarks

In this report the present status of the theoretical knowledge of W-pair production and the
related process of four-fermion production is reviewed.

In lowest-order complete evaluations for all four-fermion final states exist, taking into ac-
count all Feynman diagrams. The theoretical problem how to incorporate an energy-dependent
width in the W and Z propagators without spoiling gauge invaxiance has been solved for the
lowest-order cross-section. The numerical relevance of imposing electromagnetic gauge invari-
ance is explicitly demonstrated.
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As to the radiative corrections, the state of the art depends on whether on- or off-shell
W-pair production, or four-fermion production is considered. Complete O(a) RC's only exist
for on-shell W-pair production. The dominant RC's that can be taken into account properly
for all three types of processes comprise leading-log ISR, the leading weak effects related to GM

and a(s), and the Coulomb singularity. The O(a) RC's for four-fermion production obviously
do not exist, and can at best be calculated using approximative techniques. Only taking along
the above dominant effects, the total and differential cross-sections at 175 and 190 GeV are
estimated to be known at the 1-2% level (based on on-shell experience). For the total cross-
section at 161 GeV an uncertainty of about 2% is expected. Part of the latter uncertainty is
due to the possible variation of the Higgs mass. This Higgs-mass dependence is largest for light
Higgs bosons and is most pronounced at threshold.

Another question, relevant for the reconstruction of the W mass, is the accuracy of the
average emitted photon energy (J57). At 175 and 190 GeV a precision of 10-20 MeV seems
feasible, provided a proper scale is used in the structure-function part of the calculation.

A Various Methods of Calculating QED Corrections

A.I The structure-function method

As pointed out in the previous sections, the virtual and real corrections reveal the presence of
large logarithmic QED effects of the form aL/n = (a/ir) log(<?2/m*) with Q2 > mj. They
arise when photons or light fermions are radiated off in the direction of incoming or outgoing
light particles [78, 79], provided the momentum of the latter is kept fixed (exclusive) [79]. In a
massless theory these large logarithms would show up as collinear divergences (like in QCD),
but in the SM the masses of the particles act as natural cut-offs. The fact that they can
nevertheless give rise to sizeable corrections is due to the difference in scale between the mass
of the radiating particle and its energy. This is illustrated by considering the propagator P of
a light particle after photon emission

P =
- 1

,-k
(q - kf - m? 2qoko [1 - (1 - m?l2ql) cos 6]"

In the limit m —> 0 this propagator gives rise to a pole at cos 6 = 1. For finite m it yields
large logarithmic terms of the form log(gj/m2) when the photon momentum is integrated over
(inclusive photon). A consequence of the direct relation between the large QED logarithms
and collinear divergences is that they are controlled by renormalization group equations and
that they are universal, i.e. they are process-independent. They can be calculated using the
so-called structure-function method [16], taken over from QCD. This procedure also allows the
inclusion of soft-photon effects to all orders by means of exponentiation.
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Figure 10: Initial-state collinear radiation in e+e~ —> W+W~. The unlabeled external lines
represent an arbitrary number of undetected (inclusive) particles.

The structure-function method is based on the mass-factorization theorem (see figure 10):

dx+

t\ dtti Ati dttj (63)

which links the cross-section <xe+e-_w+w-x, where X indicates an arbitrary number of un-
detected particles, to the hard scattering cross-section <7i,-_w+w-x' which is free of the large
collinear logarithms". The indices i,j represent all light-particle transitions allowed by QED
(e.g. 7,e*,^*,- ••). Furthermore we have denned

Analogously their hatted counterparts are given by the same expressions with p± replaced by
P± = x±p±. I* should be noted that (63) allows the implementation of various cuts on the
energies and angles of the produced W bosons, and that it can be used to extract more com-
monly used distributions [like d<r/(dcos0+)] by supplying the appropriate Jacobians [80]. The

"If the final state consists of exclusively treated light particles (e.g. e+e" -» 4 / ) , large collinear final-state
QED logarithms appear. These large logs can be treated in a way similar to the initial-state ones, provided
proper account is taken of the fact that now p — p/x.
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structure functions T^ describe 'mass singular' initial-state collinear radiation and represent
the probability of finding in the parent particle j at the scale Q2 a particle i with fraction x
of longitudinal momentum. So (1 — x) denotes the fraction of energy carried away by collinear
radiation. All large collinear logarithms are contained in the structure functions, which depend,
just like the hard scattering cross-section, on the mass-factorization scale Q2. These structure
functions can be decomposed into a part containing the collinear logarithms and a non-log part
according to

= 6*6(1-x) +
n=l V 7 r / m=l

*)I m ,

(65)

Analogously the hard scattering cross-section can be decomposed into the scale-independent
Born cross-section plus non-log higher-order terms

(66)

For convenience we have dropped the explicit dependence on x± in this decomposition. This
dependence enters via the reduced momenta p±.

The so-called leading-log (LL) approximation consists in only taking along the terms oc
(aL/ir)n, which automatically means that the hard scattering cross-section a should be iden-
tical to the scale-independent Born cross-section. In addition this Born cross-section could be
dressed by the leading corrections that are not of the LL type, e.g. running couplings or a
Coulomb factor, in order to improve the approximation. As these LL contributions constitute
the most important higher-order QED effects, it is on most occasions sufficient to add the G(a2)
LL contributions to the full O(a) results and to exponentiate the soft-photon distribution. In
this way the resulting cross-section becomes scale-dependent. A further simplification can be
achieved by realizing that in e+e~ collisions the bulk of the QED corrections frequently origi-
nates from pure photon radiation, especially when the soft-photon contributions are dominant".

After these simplifications the relevant structure function takes on the form [81, 82]

- jry PH ~rz~~ lo8(z) + 4(1 + *) lo8(1 ~x) + 5 + x

L

- 7^0* ft1 + *) f6 Li'(*) + 12 W(l - *) "
™ Foi mote details concerning polarized structure functions and QED corrections that are not of the pure-

photon-radiation type we refer to [9].
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+ 7^— \l (1 + 8x + 3x2) log(x) + 6 (x + 5) (1 - x) log(l - x)

+ 12 (1 + x2) log(x) log(l _ *) _ i (l + 7x2) Iog2(x) + i (39 - 24x - 15x2)]} . (67)

Here lA2(y) is the dilogarithm, fe the Euler constant, and T(y) the Gamma function (not to
be confused with the structure functions). In terms of this structure function the total W-
pair production cross-section including exponentiated LL QED corrections can for example be
written as

<TLL,«P(', Q2) = f \ Az 4>(2oc, z, Q2) co{zs), (68)
JAM*,/,

where ero(zs) denotes the (possibly improved) Born cross-section at the reduced CM energy
squared zs.

Note that some non-leading terms can be incorporated, taking into account the fact that
the residue of the soft-photon pole is proportional to L — 1 rather than L for the initial-state
photon radiation. Using

V = —L and P=— ( L - l ) (69)

we can identify a couple of popular options for including non-leading terms:

• /3«p = P,Ps = Pu = V [9. 83] ('MIXED' choice)

• /?elp = Ps = P, Pn = T) [84] ('ETA' choice); the original Gribov-Lipatov form factor [85]

• Ptxp = Ps- PH=P [56, 86] ('BETA' choice).

The differences between these options are in the coefficient in front of the exponentiated soft-
photon term and in the use of t) or /3 in the hard parts.

In table 12 we quantify for the CC3 process e+e~ —* W+W~ —» 4 / the uncertainty associated
with these three different structure functions. We give the total cross-section without cuts, the
radiative energy loss (£,) , and the invariant-mass loss (A/7). The radiative energy loss is
defined as

(70)

and the radiative invariant-mass loss as

(Af7) = - f(l-x+X-)Ed<r.
cr J

(71)

As can be seen from the comparison between the third and fourth column of table 12, the
effect on the total cross-section due to the different coefficient in front of the exponentiated
soft-photon term in the MIXED and ETA structure functions is of the order of 0.3-0.4%. This
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[GeV]
175

190

205

a

(My)

(My)

a

(Ey)

(M,)

MIXED
to O(/32)

13.2218(11)
1.1120(3)
1.1093(3)
16.3412(8)
2.1303(4)
2.1220(4)
17.1302(17)
3.1823(9)
3.1666(10)

ETA
to C?(/32)

13.1772(12)
1.1115(3)
1.1090(3)

16.2829(12)
2.1300(5)
2.1216(5)
17.0696(12)
3.1817(9)
3.1655(9)

BETA
to O(/32)

13.1828(13)
1.1147(3)
1.1120(3)

16.2969(13)
2.1395(5)
2.1314(5)
17.0897(17)
3.2011(9)
3.1845(10)

BETA
to O(/33)

13.1790(11)
1.1146(3)
1.1119(3)
16.2939(8)
2.1391(4)
2.1314(4)
17.0869(13)
3.2019(7)
3.1854(9)

Table 12: Effects of different structure functions on a (in pb), (E^) (in GeV), and (M-,) (in GeV),
for the CC3 process e+e" - • W+W" -> if.

different choice in the coefficient does not affect (Ey) and (My), since it is a factorized soft-
photon contribution which largely cancels out in the ratios. By comparing the fourth and fifth
column of table 12, one can estimate the amount of the so-called 77 —• /3 effect in the hard
part of the structure function. The impact on the cross-section is small, i.e. of the order of
0.1% (depending on the energy). The effect on (Ey) and (Af,) is 3, 10, 19MeV (at y/s = 175,
190, 205 GeV, respectively) and therefore not significant in view of the expected experimental
accuracy at LEP2. Prom the last two columns of table 12, finally, we can infer that the effects
of the O(03) hard part of the structure function is completely negligible.

At this point we would like to note that the leading effects related to the production of un-
detected e+e~ pairs from conversion of a virtual photon emitted from the initial state (-1- corre-
sponding loop corrections) can be accounted for by replacing a in <f>(a, x,Q2) by a[l + aZ/(67r)].
This takes into account the QED /^-function contributions appearing in the renormalization
group equations. Also other fermion pairs can be included, but care has to be taken with the
fact that the real pair-production process requires the virtual photon to be sufficiently hard.

Another source of uncertainties is related to the fact that the scale Q1 is a free parameter1.
As mentioned already in section 2.3.3, all 'natural' scale choices are roughly equal close to
threshold. Hence, when using the structure-function method to calculate higher-order correc-
tions [beyond O(a)\ the Q2 dependence is negligible. This is, of course, not the case for LL
O(a) corrections, as they are larger. So, in situations where the exact O(a) corrections are not
known and one has to resort to a LL approximation instead, as is the case for e+e~ —+ 4 / , the
scale dependence is larger.

xFot a discussion of 'appropriate' scale choices we refer to [9].
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A.2 The parton-shower method

The basic assumption of the QED parton-shower method is that the structure function of an
electron (or positron) obeys the Altarelli-Parisi equation [87], which can be expressed by the
integral equation

x, Q2) = *£. nM((?J, K2) &• p«(y) r« », K2)
(72)

in the leading-log approximation [88]. Here e is a small quantity specified later and Ptt(
x) =

(1 + x2)/(l — x). The function HM, which is nothing but the Sudakov factor, is given by

(73)

and denotes the probability that the electron (or positron) evolves from Q'2 to Q2 without
emitting a hard photon. The scale Q\ is, like in appendix A.I, a free parameter (of order m2).
Often it is chosen such that, when the K2 dependence is integrated out, the factor /? emerges
rather than 77.

Equation (72) can be solved by iterating the right-hand side in a successive way. Hence it is
apparent that the emission of n photons corresponds to the ra-th iteration. As such it is possible
to regard the process as a stochastic one, suggesting the following algorithm for the photon
shower [89]: (a) Set if, = 1. The variable xi, is the fraction of the light-cone momentum of the
virtual electron (or positron) that annihilates, (b) Choose a random number £. If it is smaller
than U.n(Q

2,Q2), then the evolution stops. If not, one proceeds by finding the virtuality K2

that satisfies £ = Hte(K
2,Ql). With this virtuality a branching takes place, (c) Fix x according

to the probability P«(x) between 0 and 1 — e. Then xb is replaced by xbx. Subsequently one
should go to (b), replacing Q2 by K2, and repeat until the evolution stops.

Once an exclusive process is fixed by this algorithm, each branching of a photon in the
process is dealt with as a true process, that is, an electron with x, K2 decays as e~(x, —K2) —»
e~(xy,—K'2) + f(x[l — y],Ql). Here Ql is a cut-off to avoid the IR divergence. It is unphysical,
so any physical observable should not depend on it. The momentum conservation at the
branching gives -K2 = -K'2/y + Ql/(1 - y) + k^/(j/[l - y]), which in turn determines kf.
from y,K2,K'2. Hence the kf. distribution can be taken into account in the simulation as well
as the shape of x. This feature represents the essential difference between the structure-function
method, which treats the photons inclusively, and the QED parton-shower method. Keeping
in mind that y < 1 - e, the kinematical boundary y(K2 + Ql/[1 - y]) < K'2, equivalent to
kf. > 0, fixes e to e = Ql/K'2, since strong ordering (K2 < K'2) is expected.

The above description of the algorithm represents the "single-cascade scheme". This implies
that only the e~ or the e+ is able to radiate photons when the axial gauge vector is chosen along
the momentum of the other initial-state particle, namely e+ or e~. For programming purposes,
however, it is convenient to use a symmetrization procedure (the so-called "double-cascade
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scheme") to ensure the symmetry of the radiation with respect to the electron and positron
[90, 91]. The so-obtained QED parton shower can then be combined with the matrix element
of any hard process initiated by e+e~ annihilation.

The Altarelli-Parisi equations can also be solved by a different algorithm [92], which yields
equivalent results for electromagnetic radiative corrections.

Starting from the observation that the most important corrections come from multiple soft-
photon emission, the photon-number distribution can be approximated by a Poisson distribution
with average photon number

(74)

The technical infra-red cut-off e will drop out of the physical sum over soft photons. After
the number of photons has been chosen from the Poisson distribution, their transverse and
longitudinal momenta can be generated properly, ordered according to the l/(p± • fc) poles and
splitting functions, respectively.

Using momentum conservation at each branching, the correct energy loss and p? boost
for the hard scattering is obtained. This algorithm has been shown to yield results that are
consistent with the structure-function formalism and provides a realistic approximation for the
photonic kj- distributions.

A.3 YFS exponentiation

Let us first answer the basic question: what the exclusive Yennie-Frautschi-Suura (YFS) expo-
nentiation is and what it is not? YFS exponentiation is, in one word, a technique of summing
up all IR singularities for a given arbitrary process to infinite order. The formal proof in [68] is
based on Feynman-diagram techniques and goes 'order by order'. The YFS technique is not by
any means bound to the leading-log summation technique and/or approximations. It is appli-
cable to arbitrary stable particles (with arbitrary mass and spin) in the initial and final state.
The YFS summation is inherently exclusive, i.e. all subtractions/summations of IR-singular
contributions are done before any phase-space integrations over virtual- or real-photon four-
momenta are performed. This means that the Monte Carlo technique can be used to integrate
over the multiple real-photon phase space. The first practical solution of this kind was given in
[93]. Here the QED matrix element that enters the YFS exponentiation consists of two parts.
The O(a) part is taken to be exact, i.e. from Feynman diagrams, whereas a LL approxima-
tion is used to write down an economic ansatz for the O(a2) part. The YFS-exponentiation
procedure, which involves a subtraction of the IR part of the matrix element, knows nothing
about the origin of the matrix element (ansatz or Feynman rules), and it will fail if the ansatz
has the wrong IR limit. The above subtraction procedure is done on the fully differential dis-
tribution before phase-space integration. Hence it should be clear that a LL ansatz for the
matrix element in which the emitted photons have zero transverse momenta is not possible.
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Contrary to the LL techniques described in appendices A.I and A.2, in the YFS approach the
parameter /3 = 2 (a/ir)[log(«/mj) -1 ] results from the integration over phase space and there is
no freedom to adjust it. There is no discussion "do we have —1 in the definition of the leading
logarithm or not". The —1 is mandatory, because otherwise the IR singularities do not cancel.
The orthodox YFS exponentiation technique [68] is essentially 'order by order' and as such it
does not sum up all the LL corrections to infinite order, something which is in principle possible
for the LL techniques described in appendices A.I and A.2.

As the exact O(a) matrix element for e+e~ -+ 4 / is not yet known, the present implemen-
tation of YFS exponentiation for this process relies on a pure LL ansatz [94]. But this will, of
course, change as soon as an adequate approximative O(a) calculation becomes available.
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1 Introduction and Overview1

Previous studies [1] of the physics potential of LEP2 indicated that with the design luminosity
of 500 pb"1 one may get a direct measurement of the W mass with a precision in the range
30 — 50 MeV. This report presents an updated evaluation of the estimated error on Mw based
on recent simulation work and improved theoretical input. The most efficient experimental
methods which will be used are also described.

1.1 Machine parameters

The LEP2 machine parameters are by now largely determined. Collider energy values and time-
scales for the various runs, expected luminosities and errors on the beam energy and luminosity
are discussed and summarized elsewhere in this report [2, 3]. Here we note that (i) collider
energies in the range 161 — 192 GeV will be available, and (ii) the total luminosity is expected
to be approximately 500 pb"1 per experiment. It is likely that the bulk of the luminosity will
be delivered at high energy (y/s %, 175 GeV). The beam energy will be known to within an
uncertainty of 12 MeV, and the luminosity is expected to be measured with a precision better
than 1%.

1.2 Present status of Mw measurements

Precise measurements of the masses of the heavy gauge W and Z bosons are of fundamental
physical importance. The current precision from direct measurements is AMz = ± 2.2 MeV and
AUW = ± 160 MeV [4]. So far, Mw has been measured at the CERN [5] and Fermilab Tevatron
[6, 7, 8] pp colliders. The present measurements are summarized in Fig. 1. In calculating the
world average, a common systematic error of ±85 MeV arising from uncertainties in the parton
distributions functions is taken into account. The current world average value is

M w = 80.26 ± 0.16 GeV. (1)

An indirect determination of Mw from a global Standard Model (SM) fit to electroweak data
from LEP1 and SLC [4] gives the more accurate value

Mw = 80.359 ± 0.051 tlf£ GeV • (2)

In Fig. 1 this range is indicated by dashed vertical lines. Note that the central value in (2)
corresponds to MH = 300 GeV and the second error indicates the change in Mw when MH is
varied between 60 GeV and 1000 GeV - increasing MH decreases Mw. The direct measurement
of Mw becomes particularly interesting if its error can be made comparable to, or smaller than,
the error of the indirect measurement, i.e. < 0(50) MeV. In particular, a precise value of

•prepared by F. Jegerlehner, Z. Kunsit, G.-J. van Oldenbotgh, P.B. Renton, T. Riemann, W.J. Stilling
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indirect (1<r limits) —>

CDF 90 0
79.91 ± 0.39

UA2 92
80.35 ± 0.37

DO (prelim.) 94

79.86 ± 0.35

CDF 95
80.41 ± 0.18

Average so.26±o.i6
85 MeV common error

-<

—

«—

i—

78.5 78.76 79 79.25 79.5 79.75 80.25 80.5 80.75

Mw(GeV)

Figure 1: Direct measurements ofMy/ together with their average. The dashed lines correspond
to the indirect limits (± 1 a) from a global fit in the Standard Model.

obtained from direct measurement could contradict the value determined indirectly from the
global fit, thus indicating a breakdown of the Standard Model. An improvement in the precision
of the Mw measurement can be used to further constrain the allowed values of the Higgs boson
mass in the Standard Model, or the parameter space of the Minimal Supersymmetric Standard
Model (MSSM) .

Standard Model fits to electroweak data determine values for My/ (or M R ) , M t, and
Oi(^z)- The direct determinations of the top quark mass [9, 10] give an average value of
Mt = 180 ± 12 GeV. Fig. 2 compares the direct determinations of Mt and Mw with the in-
direct determinations obtained from fits to electroweak data [4]. Note the correlation between
the two masses in the latter. Within the current accuracy, the direct and indirect measure-
ments are in approximate agreement. The central values of Mw and their errors, determined
in several ways from indirect electroweak fits, are given in Table 1. The results are evidently
somewhat sensitive to the inclusion (or not) of data on the Z partial width ratios R* and R*
and the SLD/SLC measurement of Am, all of which differ by 2.5 standard deviations or more
from the Standard Model values. However, the conclusion on the agreement of the direct and
indirect determinations is unchanged. As we shall see in the following sections, a significant
reduction in the error on Mw is expected from both LEP2 and the Tevatron.
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80.4

. Indirect measurements
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CDF/DO

MH> 65
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M, (GeV)

Figure 2: A comparison of direct versus indirect determinations of Mt and My/. The contour
for the indirect determination corresponds to a 70% confidence level. The dark shaded region
within the contour is that compatible with the direct Higgs search limit, M-a > 65 GeV.

1.3 Improved precision on Mw froni the Tevatron

The Tevatron data so far analysed, and shown in Fig. 1, come from the 1992/3 data-taking
(Run la). The results from CDF [7] are based on approximately 19 pb~x and are final, whereas
those from DO [8] are based on approximately 13 pb"1 and are still preliminary. It is to be
expected that the final result will have a smaller error. In addition, there will be a significantly
larger data sample from the 1994/6 data-taking (Run lb). This should amount to more than
100 pb"1 of useful data for each experiment. When these data are analysed it is envisaged that
the total combined error on Mw will be reduced to about 70 MeV. In particular, the combined
CDF/DO result will depend on the common systematic error arising from uncertainties in the
parton distribution functions. Thus when the first Mw measurements emerge from LEP2 one
may assume that the world average error will have approximately this value. For more details
see Ref. [11].

After 1996 there will be a significant break in the Tevatron programme. Data-taking will
start again in 1999 with a much higher luminosity (due to the main injector and other im-
provements). Estimating the error on Mw which will ultimately be achievable (with several
fb"1 of total luminosity) is clearly more difficult. If one assumes that an increase in the size of
the data sample leads to a steady reduction in the systematic errors, one might optimistically
envisage that the combined precision from the Tevatron experiments will eventually be in the
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Mt (GeV)

Mn (GeV)

<x.(Mz)

Mw (GeV)

all data

1551U

32tJ?

O.122lig;8g|?

80.329±g;g|l

Ri, and R* excluded

162tH

0.121712531;

80.358±g;?gl

Ri, Re and ALR excluded

167 til

144±ffl

0.1233±g;gg^

80.319iS:?II

Table 1: Results of Standard Model fits to Mt, MH anda,(Mz). The fits are to LEPl and SLC
data. An upper limit Mn = 1000 GeV has been imposed. The electromagnetic coupling constant
a(Mz) is also determined in these fits. Also given is the result of the fit given in terms of
The results are given for all data, as well as for excluding Rb and R* and also ALR.

AAfw = 30—40 MeV range, assuming a common systematic error of about 25 MeV [12].
However it is important to remember that these improved values will be obtained after the
LEP2 measurements.

1.4 Impact of a precision measurement of Miw

Within the Standard Model, the value of Mw is sensitive to both Mt and Mn. For example, for
a fixed value of Mn = 300 GeV, a precision of AAfw = ±25 MeV translates to a precision on
Mt of ±3.9 GeV. The impact of a precise measurement of Afw on the indirect determination
of JWH is shown in Table 2.

AfH (GeV)

100

300

800

Mt = 180 GeV (fixed)

AMW = 25 MeV

+48, -36

+111, -84

+297, -212

AAfw = 50 MeV

+112, -63

+259, -148

+740, -367

Aft = 180 ± 5 GeV

AAfw = 25 MeV

+86, -54

+196, -126

+538, -310

AAfw = 50 MeV

+140, -72

+323, -168

+958, -413

Table 2: Estimated error on MR (in GeV) for several values of Mn and for AMW = 25 and
50 MeV. The estimates are given for both Mt = 180 GeV (fixed) and for Mt = 180 ± 5 GeV.
All other Standard Model parameters are fixed.

In order to assess the impact of a precise measurement of Mw it is necessary to make an
estimate of the improvements which will be made on the electroweak data from LEPl and SLC.
Details of the improvements which are assumed here are discussed in [13]. The importance of
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a precise measurement of My/ can perhaps best be appreciated by considering the (almost)
model independent e parameters [14]. The parameter ei (= A/s) is sensitive mainly to the Z
partial and total widths. The parameter £3 depends linearly on both A/> and AK, where A/t is
determined from sin2 9tff. The parameter £2 depends linearly on Ap, AK and Ar^. This latter
quantity is determined essentially from Afw, and so improvements in the precision of e^ depend
directly on improving the error on Afw This is illustrated in Fig. 3, which shows the 70%
confidence level contours for fits to projected global electroweak data. The different contours
correspond to different values of AMW. In these fits all electroweak data measurements have
been set to correspond to the Standard Model values Mt = 180 GeV, AfH = 100 GeV and
a.(Afz) = 0.123. The e variables are constructed to be sensitive to vector boson propagator
effects, from both physics within the Standard Model and beyond.

Figure 3: 70% confidence level contour plots for fits to e's in units ofW~3. The outer contour
is for a fit with the current error, AAfw = ±160 MeV, whereas the inner contours are for
AAfw = ±50 MeV and AAfw = ±25 MeV respectively.

Numerically, the projected data give a precision

A«i = ±1.1 x 10" Ae3 = ±1-0 x 10" (3)

For AAfw = 160 MeV, the error Ae2 = ±3.7 x 10~3 is obtained, whereas for the projected
errors on Afw one obtains

= ±l-0(±1.6) xlO" for AAfw = 25 (50) MeV. (4)

The smaller the volume in e space allowed by the precision electroweak measurements, the
greater the constraint on physics beyond the Standard Model.

The MSSM is arguably the most promising new-physics candidate. It is therefore especially
important to consider the MSSM prediction for Afw- Figure 4 [15] shows Afw as a function of
Aft in the SM (solid lines) and in the MSSM (dashed lines). In each case the prediction is a
band of values, corresponding to a variation of the model parameters (dominantly A/H in the
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SM case, with 90 GeV < Mn < 1000 GeV chosen here) consistent with current measurements
and limits. An additional constraint of 'no SUSY particles at LEP2' is imposed in the MSSM
calculation.

(G
eV

)

80.8

80.6

80.4

80.2

80.0

7O_R

SM
MSSM , - ' '

-

130 140 150 160 170 180 190 200

*4 (GeV)

Figure 4: Predictions for Afw as a function of Mt in the SM (solid lines) and in the MSSM
(dashed lines), from Ref. [15]. In each case the prediction is a band of values, corresponding
to a variation of the model parameters consistent vrith current measurements and limits. An
additional constraint of 'no SUSY particles at LEP2' is imposed in the MSSM calculation.

1.5 Methods for measuring Miw

Precise measurements of Mw can in principle be obtained using the enhanced statistical power
of the rapidly varying total cross-section at threshold, the sharp (Breit-Wigner) peaking be-
haviour of the invariant-mass distribution of the W* decay products and the sharp end-point
spectrum of the lepton energy in W* decay. One can obtain a rough idea of the relative power
of these methods by estimating their statistical precision assuming 100% efficiency, perfect
detectors and no background. More complete discussions are given in Sections 2 and 3.

A) Threshold cross-section measurement of the process e+e~ —> W+W~. The statis-
tical power of this method, assuming 100% signal efficiency and no background, is

AMW > 91 MeV

where the minimum value is attained at
integrated luminosity.
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(5)

~ 161 GeV. Here C denotes the total

B) Direct reconstruction methods, which reconstruct the Breit-Wigner resonant shape
from the W* final states using kinematic fitting techniques to improve the mass resolution.
The statistical power of this method, again assuming 100% efficiency, perfect detector
resolution and no background, can be estimated as

AMy/ <
Tw » 50 MeV\ (6)

approximately independent of the collider energy. This order of magnitude estimate is
confirmed by more detailed studies, see below.

C) Determination of Afw from the lepton end-point energy. The end-points of the lepton
spectrum in W+W~ —• qqlv depend quite sensitively on the W mass. For on-shell W
bosons at leading order:

E± = Y (l ± \A - (7)

In this case the statistical error on Afw is determined by the statistical error on the
measurement of the lepton end-point energy,

Js - 4Afw
AAfw = v AE±.

Afw
(8)

In practice, however, the end-points of the distribution are considerably smeared by finite
width effects and by initial state radiation, and only a fraction of events close to the
end-points are sensitive to Afw. This significantly weakens the statistical power of this
method from what the naive estimate (8) would predict.

The detailed studies described in the following sections show that the errors which can real-
istically be achieved in practice are somewhat larger than the above estimates for Methods
A and B. The statistical precisions of the two methods are in fact more comparable (for the
same integrated luminosity) than the factor 2 difference suggested by the naive estimates (5)
and (6). The overall statistical error for Method C has been estimated at O(300 MeV) [1] for
C = 500 pb"1 , significantly larger than that of the other two methods. It will not therefore
be considered further here, although it is still a valid measurement for cross-checking the other
results.

It is envisaged that most of the LEP2 data will be collected at energies well above threshold,
and so the statistically most precise determination of Afw will come from Method B. However
with a relatively modest amount of luminosity spent at the W+W~ threshold (for example
50 pb"1 per experiment), Method A can provide a statistical error of order 100 MeV, not
significantly worse than Method B and with very different systematics. The two methods can
therefore be regarded as complementary tools, and both should be used to provide an internal
cross-check on the measurement of the W mass at LEP2. This constitutes the main motivation
for spending some luminosity in the threshold region.
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The threshold cross-section method is also of interest because it appears to fit very well into
the expected schedule for LEP2 operation in 1996. It is anticipated that the maximum beam
energy at LEP2 will increase in steps, with the progressive installation of more superconducting
RF cavities, in such a way that a centre-of-mass energy of 161 GeV will indeed be achievable
during the first running period of 1996. This would then be the ideal time to perform such a
threshold measurement. The achievable statistical error on Afw depends of course critically on
the available luminosity at the threshold energy. In Section 2 we present quantitative estimates
based on integrated luminosities of 25, 50 and 100 pb""1 per experiment.

1.6 Theoretical input information

1.6.1 Cross-sections for the W+W~ signal and backgrounds

Methods (A) and (B) for measuring Afw described above require rather different theoretical
input. The threshold method relies on the comparison of an absolute cross-section measurement
with a theoretical calculation which has Afw as a free parameter. The smallness of the cross-
section near threshold is compensated by the enhanced sensitivity to Afw in this region. In
contrast, the direct reconstruction method makes use of the large W+W~ statistics at the higher
LEP2 energies, i/s it 175 GeV. Here the more important issue is the accurate modeling of the
W* line-shape, i.e. the distribution in the invariant mass of the W* decay products.

In this section we describe some of the important features of the theoretical cross-sections
which are relevant for the Afw measurements. A more complete discussion can be found in the
contribution of the WW and Event Generators Working Group to this Report [18].

We begin by writing the cross-section for e+e~ —> 4f (+7,g, . . . ) , schematically, as

(9)<rww = <rww (1 + SEW +

We note that this decomposition of the cross-section into 'signal' and 'background' contribu-
tions is practical rather than theoretically rigorous, since neither contribution is separately
exactly gauge invariant nor experimentally distinguishable in general. The various terms in (9)
correspond to

(i) erww: the Born contribution from the 3 'CC03' leading-order diagrams for e+e~ —•
W+W~ involving t-channel v exchange and ^-channel 7 and Z° exchange, calculated
using off-shell W propagators.

(ii) SEW'- higher-order electroweak radiative corrections, including loop corrections, real pho-
ton emission, etc.

(iii) £QCD: higher-order QCD corrections to W+W~ final states containing qq pairs. For
the threshold measurement, where in principle only the total cross-section is of primary
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interest, the effect of these is to generate small corrections to the hadronic branching ratios
which are entirely straightforward to calculate and take into account. More generally, such
QCD corrections can lead to additional jets in the final state, e.g. W+W~ —» qqqqg from
one hard gluon emission. This affects the direct reconstruction method, insofar as the
kinematic fits to reconstruct Afw assume a four-jet final state, and both methods insofar
as cuts have to be imposed in order to suppress the QCD background (see Sections 2,3
below). Perturbative QCD corrections, real gluon emission to O(a2,) and real plus virtual
emission to O(a,), have been recently discussed in Refs. [19, 20] respectively, together
with their impact on the measurement of Afw-

(iv) orbkd; 'background' contributions, for example from non-resonant diagrams (e.g. e+e~ —>
/i+«/^W~) and QCD contributions e+e~ —» qqgg(7), qqqq(7) to the four-jet final state.
All of the important backgrounds have been calculated, see Table 6 below. At threshold,
the QCD four-jet background is particularly large in comparison to the signal.

In what follows we consider (i) and (ii) in some detail. Background contributions and how to
suppress them are considered in later sections.

1.6.2 The W+W" off-shell cross-section

The leading-order cross-section for off-shell W+W~ production was first presented in Ref. [21]:

<T($) = / dsi I ds2 p{ai)p(s2)(T0(s,s1,si) , (10)
Jo Jo

where
1 1 *
it My, (a -

(11)

The cross-section u0 can be written in terms of the v, 7 and Z exchange contributions and
their interferences:

+ azz (12)

where g* = e4/sin4#w Explicit expressions for the various contributions can be found in
Ref. [21] for example. The stable (on-shell) W+W" cross-section is simply

on/ \ / Xf2 v#2 \ (Y&\

A theoretical ansatz of this kind will be the basis of any experimental determination of the
mass and width of the W boson. The reason for this is the large effect of the virtuality of the
W bosons produced around the nominal threshold. An immediate conclusion from Eq. (10)
may be drawn: the W mass influences the cross sections exclusively through the off-shell W
propagators; all the other parts are independent of Afw and Fw (neglecting for the moment
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the relatively minor dependence due to radiative corrections). It will be an important factor in
the discussion which follows that near threshold the (unpolarized) cross-section is completely
dominated by the t-channel neutrino exchange diagram. This leads to an 5-wave threshold
behaviour <rt ~ fii whereas the ^-channel vector boson exchange diagrams give the characteristic
P-wave behaviour cr, ~ /3s.

By tradition (for example at LEP1 with the Z boson), the virtual W propagator in Eq. (11)
uses an 3-dependent width,

Fw(«) = jjjj- F w , (14)

where Fw = Tw(Afw). Another choice, equally well justified from a theoretical point of view,
would be to use a constant width in the W propagator (for a discussion see Ref. [22]):

_ ̂  1 Mwrw (15)

The numerical values of the width and mass in the two expressions are related [23]:

I w = Afw - i-JQ*- = Afw - 26.9 MeV , (16)

F w = F w - ^ T ^ T = r w - 0 . 7 MeV. (17)
w

These relations may be derived from the following identity: (a — Afw + iAfwFw) = (« —
My, + isTy,/My/)/(l + iFw/Afw). Numerically, the consequences are below the anticipated
experimental accuracy.

1.6.3 Higher-order electroweak corrections

The complete set of O(a) next-to-leading order corrections to W+W" production has been
calculated by several groups [24, 25], for the on-shell case only, see for example Refs. [26, 18]
and references therein. There has been some progress with the off-shell (i.e. four fermion
production) corrections but the calculation is not yet complete. However using the on-shell
calculations as a guide, it is already possible to predict some of the largest effects. For ex-
ample, it has been shown that close to threshold the dominant contribution comes from the
Coulomb correction, i.e. the long-range electromagnetic interaction between almost stationary
heavy particles. Also important is the emission of photons collinear with the initial state e*
('initial state radiation') which gives rise to logarithmic corrections ~ aha.{s/ml). These lead-
ing logarithms can be resummed to all orders, and incorporated for example using a 'structure
function' formalism. In this case, the generalization from on-shell to off-shell W's appears to be
straightforward. For the Coulomb corrections, however, one has to be much more careful, since
in this case the inclusion of the finite W decay width has a dramatic effect. Finally, one can
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incorporate certain important higher-order fermion and boson loop corrections by a judicious
choice of electroweak coupling constant. Each of these effects will be discussed in turn below.

In summary, certain 0(a) corrections are already known to be large because their coefficients
involve large factors like \n(s/m%), t/Afw/Fw, Af,2/Afw, etc. Once these are taken into account,
one can expect that the remaining corrections are no larger than O{a). When estimating the
theoretical systematic uncertainty on the W mass in Section 2 below, we shall therefore assume
a conservative overall uncertainty on the cross-section of ±2% from the as yet uncalculated
O(a) and higher-order corrections.

1.6.4 Coulomb corrections

The Coulomb corrections for on-shell and off-shell W+W~ production have been discussed in
detail in Refs. [27, 28, 29], where a complete set of references to earlier studies can also be
found.

The result for on-shell W+W~ production is well-known [30] — the 0 (a ) correction diverges
as ccx/vo as the relative velocity Do = 2[1 — 4Afw/«]1/2 of the W bosons approaches zero at
threshold. Note that a0 ~ fo near threshold and so the Coulomb-corrected cross-section is
formally non-vanishing when -Jl —

For unstable W + W" production the finite decay width Fw screens the Coulomb singularity
[27], so that very close to threshold the perturbative expansion in an/v0 is effectively replaced
by an expansion in airjMy,/Ty/ [28]. In the calculations which follow we use the expressions for
the O(a) correction given in Ref. [28]. The net effect is a correction which reaches a maximum
of approximately +6% in the threshold region. Although this does not appear to be large, we
will see below that it changes the threshold cross-section by an amount equivalent to a shift in
Afw of order 100 MeV. In Ref. [28] the O(a) result is generalized to all orders. However the
contributions from second order and above change the cross-section by <C 1% in the threshold
region [31] (see also [29]) and can therefore be safely neglected.

Note also that the Coulomb correction to the off-shell W+W~ cross-section

ft /•(
= / dsx

Jo Jo
(18)

provides an example of a (QED) interconnection effect between the two W bosons: the exchange
of a soft photon distorts the line shape (dcr/dy/si) of the W* and therefore, at least in principle,
affects the direct reconstruction method [32, 33, 34]. In Ref. [32], for example, it is shown
that the Coulomb interaction between the W bosons causes a downwards shift in the average
reconstructed mass of O(waFw) ~ 0(20 MeV). Selecting events close to the Breit-Wigner
peak reduces the effect somewhat. However the calculations are not yet complete, in that QED
interactions between the decay products of the two W bosons are not yet fully included.
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1.6.5 Initial state radiation

Another important class of electroweak radiative corrections comes frcm the emission of photons
from the incoming e+ and e~. In particular, the emission of virtual and soft real photons
with energy E < w gives rise to doubly logarithmic contributions ~ aln(5/m|)ln(a/aj2) at
each order in perturbation theory. The infra-red (lnw) logarithms cancel when hard photon
contributions are added, and the remaining collinear (ln(s/m*)) logarithms can be resummed
and incorporated in the cross-section using a 'flux function' or a 'structure function' [35] (see
also Refs. [36, 37, 38, 39, 18]).

The ISR corrected cross section in the flux function (FF) approach is

' m i l

where x = 1 — s'/s and

with

F(x,s) =

. (19)

(20)

(21)

The S term comes from soft and virtual photon emission, the H term comes from hard photon
emission, 6c contains the Coulomb correction (18), <TCC3 is the doubly resonating Born cross
section, and <rCcn the background contributions. Explicit expressions can be found in the above
references. The additional term ffgg"™" i s discussed in Refs. [38] and [18]. The invariant mass
lost to photon radiation may be calculated as

(22)
s 2 \ s ) ds1ds2d

where da/ds\ds2ds' is the contents of the curly brackets in Eq. (19).

Alternatively, the structure function (SF) approach may be used:

^ E j 8 = J dxi j dz2D(x1,s)D(x2,s)lo-CCn(x1x2s,sus2)+ Sc

where

Here, the invariant mass loss is

i"h) = -Jds1ds2jdxldx2D(xus)D(x2,s)^-(l-

(23)

(24)

(25)
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In addition, the radiative energy loss may be determined,

If t

a J J
-xx- x2) "

dsids2dxidx2

(26)

Initial state radiation affects the W mass measurement in two ways. Close to threshold the
cross-section is smeared out, thus reducing the sensitivity to JWw (see Fig. 5 below). For the
direct reconstruction method, the relatively large average energy carried away by the radiated
photons leads to a large positive mass-shift if it is not taken into account in the rescaling of
the final-state momenta to the beam energy (see Section 3 below). By rescaling to the nominal
beam energy we obtain for the mass-shift AMw = (E^)Mv/\/»- Note however that a fit to the
mass distribution gives more weight to the peak, and therefore in practice the effective value
of (£7) or (m7) is less than that given by Eqs. (22,25,26) (see Section 3.4). Table 3 shows
the influence of the various cross-section contributions on the average energy and invariant
mass losses. The invariant mass loss may be calculated both in the SF and FF approaches. A
comparison shows that the predictions in both schemes differ only slightly, which allows us to
use the numerically faster FF approach for the numerical estimates. At the lower LEF2 collider
energies, the energy and invariant mass losses are nearly equal, while at higher energies their
difference is non-negligible. Note also that the inclusion of the non-universal ISR corrections
and background terms is of minor influence. The latter has been studied only for CC11 processes;
for reactions of the CC20 type the background is larger and the numerical estimates are not
yet available. The Coulomb correction is numerically important and cannot be neglected [29].
The dependence of the predictions on the details of the treatment of QED is discussed in detail
in Ref. [18] and will not be repeated here.

SF, CC3

change to FF

add Sc

add ffgS-"""1

add (Tccn

y/i (GeV)
<r(pb)

{&,)
<m,>

(£,)-(«,)
A(m,>
A(m,>
A(m7)
A(m,)

175
13.182
1115
1112
3
0.5
11.8
0.2
<0.1

192
16.488
2280
2271
9

-0.8
16.3
0.3
0.2

205
17.077
3202
3185
17
-4.2
20.8
0.3
0.5

Table 3: Influence of different cross-section treatments on the average energy loss (Ey) and
invariant mass loss (m7) in MeV.
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parameter

Afz

Afw

rz
rw
a"1

G,

s i n 2 ^ = sin2^ ) e f f

mt

(he)2

value

91.1888

80.23

2.4974

2.078

137.0359895

1.16639 x 10"5 GeV 2

0.2320

5.1099906 x 10~4

3.8937966 x 108 pb GeV2

Table 4: Parameter values used in the numerical calculations in Table 5 and Fig. 5. Masses
and widths are given in GeV.

1.6.6 Improved Born approximation

In the Standard Model, three parameters are sufficient to parametrise the electroweak interac-
tions, and the conventional choice is {a, GM, Mz} since these are the three which are measured
most accurately. In this case the value of Afw is a prediction of the model. Radiative corrections
to the expression for Afw in terms of these parameters introduce non-trivial dependences on
Aft and Afu, and so a measurement of Afw provides a constraint on these masses. However
the choice {a,GM,Afz} does not appear to be well suited to W+W~ production. The reason
is that a variation of the parameter Afw, which appears explicitly in the phase space and in
the matrix element, has to be accompanied by an adjustment of the charged and neutral weak
couplings. Beyond leading order this is a complicated procedure.

It has been argued [40] that a more appropriate choice of parameters for LEP2 is the set
{Afw, G,,, Afz} (the so-called G,,-scheme), since in this case the quantity of prime interest is
one of the parameters of the model. Using the tree-level relation

g2 = e2/ sin2 6W = (27)

we see that the dominant ^-channel neutrino exchange amplitude, and hence the corresponding
contribution to the cross-section, depends only on the parameters Afw and GM. It has also been
shown [40] that in the G^-scheme there are no large next-to-leading order contributions to the
cross-section which depend on Mt, either quadratically or logarithmically. One can go further
and choose the couplings which appear in the other terms in the Born cross-section such that
all large corrections at next-to-leading order are absorbed, see for example Ref. [41]. However
for the threshold cross-section, which is dominated by the t-channel exchange amplitude, one
can simply use combinations of e2 and g2 denned by Eq. (27) for the neutral and charged weak
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couplings which appear in the Born cross-section, Eq. (12).

In summary, the most model-independent approach when defining the parameters for com-
puting the e+e~ -+ W+W~ cross-section appears to be the GM-scheme, in which Afw appears
explicitly as a parameter of the model. Although this makes a non-negligible difference when
calculating the Born cross-section, compared to using a and sin2 (V to define the weak cou-
plings (see Table 5 below), a full next-to-leading-order calculation will remove much of this
scheme dependence [40].

°~WW

<7o (on-shell, a)

(To (on-shell, GM)

(To (off-shell with rw(Afw), G J

<r0 (off-shell with Tyr{s), G,.)

... + O(a) Coulomb

. . . + O(a) Coulomb + ISR

y/5 = 161 GeV

3.813

4.402

4.747

4.823

5.122

3.666

y/i = 175 GeV

15.092

17.425

15.873

15.882

16.311

13.620

Table 5: Decomposition of the theoretical e+e~ —• W+W cross-section (in picobarns) as
defined and discussed in the text, at two LEP2 collider energies.

1.6.7 Numerical evaluation of the cross-section

Figure 5 shows the e+e~ —• W+W~ cross-section at LEP2 energies. The different curves
correspond to the sequential inclusion of the different effects discussed above. The parameters
used in the calculation are listed in Table 4. Note that both the initial state radiation and the
finite width smear the sharp threshold behaviour at y/s = 2Mw of the on-shell cross-section.
The different contributions are quantified in Table 5, which gives the values of the cross-section
in different approximations just above threshold (y/s = 161 GeV) and at the standard LEP2
energy of y/s = 175 GeV. At threshold we see that the effects of initial state radiation and
the finite W width are large and comparable in magnitude. For the threshold method, the
primary interest is the dependence of the cross-section on Afw- This will be quantified in
Section 2 below. For both methods, the size of the background cross-sections is important. For
completeness, therefore, we list in Table 6 some relevant cross-section values obtained using the
PYTHIA Monte Carlo. This includes finite-width effects, initial state radiation and Coulomb
corrections. Notice that the values for aww agree to within about 1% accuracy with those
given in the last row of Table 5.
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Reaction

e+e"
e+e"
e+e-
e+e"
e+e"
e+e"
e+e"
e+e~
e+e"
e+e"
e+e"

-> W+W" -+ all
- W+W-->qqqq
-» W+W"-*qq/i/
-> W+W--+M1/
-* Z/7 -* all
- Z/7 - qq
-> Z/7 -+/+/", vv
-» (Z/7)(Z/7) - all
-» Zee-+all
-> Wei/ -* all
- t e V , | cos 9\< 0.95

Cross-section (pb)
at 161 GeV

3.64
1.67
1.59
0.38
221.
151.
70.

0.46
2.53
0.37
351.

at 175 GeV
13.77
6.30
6.02
1.44
172.
116.
56.

0.44
2.70
0.51
297.

at 192 GeV
17.10
7.85
7.46
1.79
135.
91.
44.
1.12
2.85
0.72
247.

Table 6: Cross-sections (in picobarns) for signal and background channels as given by PYTHIA.
W+W", (Z/7)(Z/7), Wei> and Zee refer to four-fermion production with intermediate formation
of either one or two vector bosons; in the case of Z pair production, the generator includes the
photon contribution. The process Z/7 —+ all refers to the production of a fermion pair via a
Z boson or photon. All interactions include initial state radiation, and therefore may contain
additional photons in the final state. The final row lists cross-sections generated for the Bhabha
scattering process (including t-channel exchange) using the BABAMC program.
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Figure 5: The cross-section for e+e" —» W+W in various approximations: (i) Born (on-shell)
cross-section, (ii) Born (off-shell) cross-section, (Hi) with first order Coulomb corrections, and
(iv) with initial state radiation. The parameter values are listed in Table 4-

Measurement of Mw from the W+W
Section2

Threshold Cross-

As discussed in Section 1.5, one can exploit the rapid increase of the W+W production cross-
section at v/s ~ 2Afw to measure the W mass. In the following, we briefly discuss the basic
features of this method, suggest an optimal collider strategy for data-taking, and estimate the
statistical and systematic errors. The intrinsic statistical limit to the resolution on il/w is
shown to be energy-dependent: in particular, arguments are presented in favour of a single
cross-section measurement at a fixed energy -/s ~ 161 GeV.

'prepared by D. Gele, T.G. Shears, W.J. Stirling, A. Valassi, M.F. Watson
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2.1 Collider strategy

The cross-section for W+W~ production increases very rapidly near the nominal kinematic
threshold >/s = 2JWw, although the finite W width and ISR smear out the abrupt rise of the
Born on-shell cross-section. This means that for a given y/s near threshold, the value of the
cross-section is very sensitive to My/. This is illustrated in Fig. 6, where the W+W~ excitation
curve is plotted for various values of the W mass. The calculation is the same as that discussed
in Section 1.6, and includes finite W width effects, ISR and QED Coulomb corrections. A
measurement of the cross-section in this region therefore directly yields a measurement of My/.

156 158 160 162 164 166 168 170 172 174
Vs/GeV

Figure 6: The cross-section for W+W production as a function of s/s in the threshold region,
for various values of My/ • Finite-width effects, the QED Coulomb correction and Initial State
Radiation are included.

For an integrated luminosity C and an overall signal efficiency tww — Z); «jBR> (where the
sum extends over the various channels selected, with branching ratios BR; and efficiencies ej),
the error on the W+W~ cross-section due to signal statistics is given by

o~ww
VN

(28)

161

where N = tww&wwC- is the number of selected signal events. The corresponding error on the
W mass is

dMw

dtrww

1
(29)

The sensitivity factor y/ffww\dMy//a\rww\ is plotted in Fig. 7 as a function of y/s — 2My/.
There is a minimum at

(v^)o p t =* 2Jl/w + 0.5 GeV, (30)

corresponding to a minimum value of approximately 0.91 GeV pb~1/2. Note that the 0.5 GeV
offset of the minimum of the sensitivity above the nominal threshold is insensitive to the actual
value of My/, since in the threshold region the cross-section is to a first approximation a function
of y/s — 2Mw only.

As discussed below, the statistical uncertainty is expected to be the most important source
of error for the threshold measurement of My/: the optimal strategy for data-taking consists
therefore in operating at the collider energy (v/^)opt m order to minimize the statistical error
on My/. The statistical sensitivity factor is essentially flat within (\/s)opt ± 0.65 GeV, where it
increases at most to 0.95 GeV pb"1^2 (+4%); bearing in mind that the present uncertainty on
My/ from direct measurements is 160 MeV (and is expected to decrease further in the coming
years), this corresponds to ±2<r on the current world average My/ value. In other words, My/ is
already known to a level of precision good enough to choose, a priori, one optimal energy for the
measurement of the W+W~ cross-section at the threshold. Using the latest world average value
My/ = 80.26±0.16 GeV (see Eq. (1)) gives an optimal collider energy of (- /a)0" ^ 161.0 GeV.

2.2 Event selection and statistical errors

The error on the W mass due to the statistics of W+W~ events collected has been given in the
previous section. Background contamination with an effective cross-section cTbkg introduces an
additional statistical error. The overall effect is that the statistical error on My/ is modified
according to

AMy, - AMwJl + ° ^ • (31)

In the following subsections we present estimates of this statistical error for realistic event
selections, for an integrated luminosity of 100 pb"1 at y/s = 161 GeV. Tight selection cuts
are required to reduce the background contamination while retaining a high efficiency for the
signal, especially as the signal cross-section is a factor of 4-5 lower at threshold than at higher
centre-of-mass energies.

The studies are based on samples of signal and background events generated by means
of Monte Carlo programs (mainly PYTHIA [43]) tuned to LEP1 data. These events were
run through the complete simulation program giving a realistic detector response, and passed
through the full reconstruction code for the pattern recognition.
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Figure 7: The sensitivity of the W+W cross-section to the W mass, plotted as a function of
y/s — 2JWW- The significance of the three curves to the W mass measurement is discussed in
the text. A value of My/ = 80.26 GeV has been used in the calculations.

2.2.1 Fully hadronic channel, W+W~—»qqqq.

The pure four quark W+W~ decay mode benefits from a substantial branching ratio (46%)
corresponding to a cross-section <r(W+W~—*qqqq; \/s = 161 GeV) = 1.67 pb. Obviously, the
typical topology of such events consists of four or more energetic jets in the final state. Due
to its large cross-section (see Table 6), the main natural background to this four-jet topology
comes from e+e~ —> Z(—> qq(+ng))7 events which can be separated into two classes depending
on the virtuality of the Z: (i) the production of an on-mass-shell Z accompanied by a radiative
photon of nearly 55 GeV (at y/s = 161 GeV), which is experimentally characterised by missing
momentum carried by the photon escaping inside the beam pipe (typically 70% of the time),
and (ii) events with a soft ISR 7 and a large total visible energy, which potentially constitute
the most dangerous QCD background contribution.

Note that a semi-analytical calculation of the genuine four-fermion background cross-section
[16] for a wide range of four-fermion final states (with non-identical fermions) shows that in
the threshold region <Tbkgd(4f)/o'w^ <C 1%, and therefore the effect on the Afw determination
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from these final states is negligible.

Although the effective four-jet-like event selection depends somewhat on the specific detector
under consideration, a general and realistic guideline selection can be described. The most
relevant conditions to be fulfilled by the selected events can be summarised as follows:

• A minimum number of reconstructed tracks of charged and neutral particles is required.
A typical value is 15. This cut removes nearly all low multiplicity reactions, such as
dilepton production (e+e~ —»II, I = e, fi, r) and two-photon processes.

• A veto criterion against hard ISR photons from qq7 events in the detector acceptance
can be implemented by rejecting events with an isolated cluster with significant electro-
magnetic energy (larger than 10 GeV for example).

• A large visible energy, estimated using the information from tracks of charged particles
and from the electromagnetic and hadron calorimeters. For example, a minimum energy
cut value of 130 GeV reduces by a factor of 2 the number of qqy events with a photon
collinear to the beam axis.

• A minimum number (typically 5) of reconstructed tracks per jet. This criterion acts on
the low multiplicity jets from r decays as well as from 7 conversions or 7 interactions
with the detector material.

• A minimum jet polar angle. The actual cut value depends on the detector setup, but is
likely to be around 10° —15°. This cut is mainly needed to eliminate poorly measured jets
in the very forward region, where the experiments are generally less well instrumented.

These selection criteria almost completely remove the harmless background sources (e+e~ —>
ZZ,Zee and Wei/), but there is still an unacceptable level of e+e~ —» Z(-+ qq(+ng))7 contami-
nation (about three times higher than the signal). The second step is to suppress the remaining
QCD background (from e+e~ —> qqgg7«o/< events) by performing a W* mass reconstruction
based on a constrained kinematic fit. The following additional criteria can then be imposed:

• A x2 probability cut associated with a minimum constrained dijet mass requirement -
a typical choice of standard values of 1% and 70 GeV respectively is used here. This
procedure appears to be an efficient tool to improve the mass resolution and therefore to
reduce the final background, see Fig. 8.

In summary, a reasonable signal detection efficiency in excess of 50% is achievable for
W+W~—>qqqq events. Although the final rejection factor of QCD events is approximately
500, a substantial residual four-jet background still remains, giving a purity of around 70%.
The contributions from other backgrounds (ZZ, Zee, Wei/ and two-photon events) are negligible
for the four-jet analysis.
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Figure 8: Distributions of the fitted dijet mass using a constrained kinematic fit as described
in the text. The solid histogram shows the W+W~ —> qqqq signal and the hatched histogram
represents the e+e~ —> qqy background events.

The signal and background efficiencies for the typical event selection described above are
given in Table 7, assuming a total integrated luminosity of 100 pb"1 (i.e. 25 pb"1 per interaction
point).

Signal cross-section
Signal efficiency
AMw (stat.) for signal
Background cross-section
AMw (stat.) for background
Total AMw (stat.)

W+W--+qqqq
0.94 pb

55%
180 MeV
0.39 pb

106 MeV
209 MeV

W+W--»qqh/
0.76 pb

47%
197 MeV
0.03 pb
37 MeV
200 MeV

W+W-->Mi/
0.23 pb

60%
354 MeV
0.01 pb
74 MeV
360 MeV

Table 7: Typical accepted cross-sections at ifs = 161 Ge V and corresponding statistical uncer-
tainty on My/, assuming an integrated luminosity of 100 pb'1. Note that I = e,/i,r.

2.2.2 Semileptonic channel, W+W~—>qq/i/.

The decay channel W+W~—>qqh' is characterised by the presence of two or more hadronic
jets, an isolated, energetic lepton or a narrow jet in the case of hadronic r decays, and missing
energy and momentum due to the undetected neutrino. Since the W+W~ cross-section is small
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at threshold, processes such as e+e~ —> Z/7 and e+e~ —• Zee constitute important backgrounds.
Their cross-sections at 161 GeV axe listed in Table 6. Typical experimental selection cuts for
the W+W~—>qqei/ and W+W~—>qq/w channels include:

• A multiplicity cut to reject purely leptonic events. By requiring at least 6 charged tracks
in the event, backgrounds from the W+W~->Mi/, Z/7 -+ l+l~ and leptonic two-photon
channels can be removed.

• Identification of an electron or muon using standard experimental cuts. The lepton is
required to have a high momentum and to be isolated from the hadronic jets. This
isolation can be achieved by restricting the energy in a cone around the lepton candidate,
or by requiring a minimum transverse momentum relative to the nearest jet. An example
of such a cut is to require less than 2.5 GeV of energy (charged and neutral) inside a
200 mrad cone around the track. This suppresses hadronic background, much of which
originates from the semi-leptonic decays of heavy quarks inside jets.

• Cuts on missing momentum and its direction. The neutrino carries away momentum,
leaving the event with a net momentum imbalance. In order to distinguish the signal
events from Z°/7 or two photon backgrounds, in which the missing momentum tends
to be along the beam direction, the event is required either to have a large transverse
momentum, or to have missing momentum pointing away from the beam direction. These
quantities are illustrated in Fig. 9(a) and (b) and show clear differences between signal and
background events. Effective experimental cuts are | cos 9^ < 0.95 and Pmi«/J5cm > 0.07.

• Cuts on the corrected, visible energy in the event. Requiring .Evii/iJcm < 1 removes some
residual background from Z/7 —> hadrons. Similar results can be achieved by cutting on
the energy or mass of the hadronic system.

Additional improvements to the selection may be obtained by applying a kinematic fit, in
which energy-momentum constraints are applied in conjunction with assumptions about the W
masses. The background events tend to give poor probabilities in the fit.

Selection cuts based on these quantities give efficiencies of 70-75% for the qqei> and qtyiv
channels, but only about 5% for the qqri/ decays. The purity of the selected sample is 90-
95%, with typical accepted cross-sections as listed in Table 7. The corresponding statistical
uncertainty on Mw is approximately 200 MeV for 100 pb"1. More work will be needed to
improve the efficiency for selecting r decays, and hence to enhance the statistical precision of
the cross-section measurement. Hadronic r decays can be identified as a third jet with low
multiplicity and a small opening angle.

2.2.3 Fully leptonic channel, W+W--Wi/Ji/.

The fully leptonic channel is not used by the direct reconstruction method due to the lack of
sufficient constraints on the kinematics of the event, but it can be used for event-counting in
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Figure 9: Examples of the momentum imbalance in candidate events for the W+W~—>qq/i/
channel: (a) direction of the missing momentum, (b) total momentum transverse to the beam
direction. The open histogram indicates events which contain an isolated, identified lepton and
pass all other selection cuts; the background from the Z/7, ZZ, Zee and Wev channels is shaded.
All samples include detector simulation.

the threshold measurement of Afw. It has, however, a branching ratio of only 11% (I — e,fi,T),
a factor 4 lower than the other two channels. This is reflected in the relative weight of this
channel to the overall precision on Mw using the threshold method.

The W+W'—tlvlv channel is characterised by two acoplanar, energetic leptons and large
missing momentum. In 4/9 (1/9) of the cases, however, one (both) of these leptons is a T, which
typically decays to a narrow hadronic jet. Typical experimental selections for all W+W~—Aviv
channels require:

• Low charged multiplicity (typically not greater than 6), which allows the rejection of most
of the hadronic backgrounds. The most important background to this channel is then
given by dilepton (Z/7, two-photon or Bhabha) events. At least two good charged tracks
(with a typical minimum energy of 1 GeV) are required in any case.

• One identified electron or muon (requiring two would lose most of the events with one
W —> rvr decay); this lepton is required to have an angle of typically at least 25° to
the beam axis, as both Bhabhas and two-photon events are concentrated at low angles.
Since the leptons from W+W~ decays at threshold have approximately half the beam
energy, an energy window may be imposed on the lepton, centered around this value
(such as [28-55] GeV); this is effective both against low-energy two-photon events (which
can be further reduced by requiring a large total visible mass), and against di-muons and
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Bhabhas, where the energy of each lepton is typically equal to the beam energy.

• Explicit tagging of events with isolated, energetic photons or luminosity clusters allows
one to reject radiative Z events with hard, detected ISR.

• Cuts on the missing momentum and its direction can also be used: large transverse missing
momentum (typically more than 4 GeV) is required to discriminate against two-photon
events, while combined cuts on the angle between the jets and on the missing momentum
out of the beam-thrust plane are very effective against di-tau Z/7 events.

• To reconstruct the two original lepton directions, the event is forced into two jets, which
must be of low invariant mass and well contained in the detector. A cut on the acopla-
narity A^ between these two jets (such as A<j> < 174°) is effective against all residual
backgrounds. The distribution of this variable for signal and background events is shown
in Fig. 10.

Selection cuts of this kind give overall efficiencies of approximately 60% (60% to 70% in all
individual channels except the TVTTVT channel, where it is only of the order of 30%), with a
purity close to 95%. Typical accepted cross-sections are listed in Table 7. The corresponding
statistical error on Afw is approximately 360 MeV (354 MeV from signal statistics plus 74 MeV
from background statistics) for a total integrated luminosity of 100 pb"1.

10"'

0"310

. . ,I 1 . . i 1 , , i , , , i 1 1 ,i 1 , 1 i , I , I , ,

0 20 40 60 80 100 120 140 160 180
Ap(degrees)

Figure 10: Distribution of the jet acoplanarity A<j>, in the selection of W+W~—>lvlv events at
threshold. The solid histogram includes the events selected by all cuts (except that on A<j>). The
shaded area corresponds to the background from the Z/7 and 77 dilepton events.
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2.3 Systematic errors

Uncertainties in the W+W~ production cross-section translate directly into systematic errors
on the W mass. The uncertainties fall into three categories: multiplicative uncertainties in
the cross-section; an additive uncertainty due to background subtraction; other sources, for
example beam energy and W width.

2.3.1 Luminosity, higher-order corrections and selection efficiency

Quantities which enter multiplicatively in the calculation or measurement of the cross-section
contribute an error to the W mass which can be expressed as

AAfw =
da

dMw

AC
C '

(32)

where AC is the uncertainty on the multiplicative quantity C, and the cross-section a includes
contributions from signal and background weighted by their relative efficiencies. The quantity
a\daIVMwl"1 is shown in Fig. 7 as a function of x/J. Like the statistical sensitivity factor, it
also has a minimum near the nominal threshold and has the value of approximately 1.7 GeV
at (v/7)o p t^161 GeV.

The three most important uncertainties of this type are:

• The luminosity, which is expected to be known to about 0.5%, including both the known
theoretical error on the Bhabha cross-section and the expected experimental error, thus
contributing about 8 MeV to AAfw-

• Unknown higher-order corrections to the theoretical cross-section (see Section 1.1.6 and
Ref. [18]), which if we conservatively assume a value of ±2%, contribute about 34 MeV
to

• Uncertainties in the signal efficiency, described in Section 2.3.4 below, which depend on
the particular decay channel under consideration.

2.3.2 Background subtraction

An uncertainty Ao-bkgd o n the residual background cross-section predicted by Monte Carlo
propagates as an additive uncertainty to the measured W+W~ cross-section, from which the
background has to be subtracted. It contributes an error

AMW =
da

(33)
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where tww is the signal efficiency, which is found by multiplying the selection efficiency for a
given channel by the appropriate branching ratio. The quantity \da/'dMv/l'1 ' s shown in Fig. 7
as a function of T/7, and is approximately 470 MeV pb"1 at (\/s)cpi ^ 161 GeV. Experimental
methods for determining the uncertainty in the background are described in Section 2.3.4
below. A systematic contribution to AAfw of about 59 MeV (32 MeV) in the W+W~—*qqqq
(W+W-->qqh>, W+W-->Mi>) channels is expected.

2.3.3 Beam energy and W width

The error introduced by an uncertainty in the beam energy JSbe«m to Afw is

AAfw =
da

<iAf« dEsbeam
(34)

In the threshold region the cross-section aww is essentially a function of the single variable
\/s — 2Afw only (see Fig. 6), and hence the ratio of derivatives in (34) is approximately unity,
i.e. AAfw — 1.0 A£be«m- It is estimated that the beam energy will be known to an accuracy
of 12 MeV.

The error on Afw introduced by an uncertainty in the W width Fw is

AAfw =
«w dV-w

Arw ^ o.i6 Arw , (35)

where the value of the ratio of the derivatives corresponds to \fs = 161 GeV. In the Standard
Model, Fw is proportional to the third power of Afw,

(36)

If the current world average value of Afw = 80.26 ± 0.16 GeV is used then AFw = 12 MeV. In
contrast, a (combined) measurement of Fw by the CDF and DO collaborations at the Tevatron
pp collider [42] gives F w = 2.051±0.061(expt.)±0.013(input) GeV, consistent with the Standard
Model calculation, but with a much larger error. If we use the Standard Model width, then the
contribution (2 MeV) to AAfw is negligible. See Ref. [17] for a further discussion.

2.3.4 Experimental determination of systematic uncertainties

Two methods have been proposed to determine the uncertainty in the signal efficiency and
background cross-section. The first method examines the sensitivity of the signal efficiencies
and background cross-section to uncertainties in fragmentation. Some preliminary studies have
been performed in the W+W~—»qqqq channel by varying the fragmentation parameters Qo, aq,
b and AQCD [43] within one standard error bounds, and noting the effect on the signal efficiency
and background cross-section in PYTHIA [43] generated events.
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The second method uses data and Monte Carlo event samples from LEF1 to determine the
uncertainty in the background cross-section. The selections described in Section 2.2 have been
scaled to the LEP1 centre-of-mass energy and applied to both real and simulated data. The
difference between data and Monte Carlo gives the error on the background cross-section at
•/s ~ Mi. The results are then rescaled to <y/I = 161 GeV. It is assumed that the fractional
uncertainty on the selection efficiencies for the background is the same at the two energies.

The uncertainty on the signal efficiency appears small from the results of the fragmentation
test, within the low statistics of the event samples tested. Further studies are needed to quantify
any effects. Therefore a conservative estimate of the signal efficiency error of 2% is used at
present, contributing an error of 34 MeV to Mw The uncertainty on the background cross-
section in the W+W~—>qqqq channel (8%) is estimated to contribute about 59 MeV to the
error on Mw. The uncertainty in the W+W~—>qq/i/ and W+W~—*lvlv channels, estimated to
be 50% and 100% respectively, both give an error of about 32 MeV. These errors are expected
to decrease with further study.

2.3.5 Conclusions

Table 8 summarizes the estimated systematic errors for the W+W~—>qqqq, W+W~—>qq/f and
channels.

Source
Luminosity (*)
HO corrections (*)
Beam energy (*)
W width (*)
Signal efficiency
Background cross-section
Total (MeV)

W+W-qq-qq
8
34
12
2
34
59
77

W+W--*qq/i'
8
34
12
2
34
32
60

8
34
12
2
34
32
60

Table 8: Summary of systematic error contributions, in MeV, to the threshold measurement
in the W+W~->qqqq, W+W~->qq/f and W+W~ ->lulv channels. The quantities denoted (*)
are common to all channels. The total for each channel is found by combining the sources in
quadrature.

2.4 Summary

Table 9 summarizes the results presented above for the estimated statistical, systematic and
total errors on Mw (for all decay channels combined) using the threshold method, i.e. by
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measuring the W+W~ cross-section at the optimal collider energy of 161 GeV. Our estimates
for some of the systematic errors, for example the unknown higher-order theoretical corrections,
are probably too conservative, and others, for example the uncertainty in the estimates of the
various background cross-sections, will almost certainly decrease with more study. Nevertheless,
for the amount of luminosity likely to be available for the threshold measurement the overall
error is dominated by statistics.

Total luminosity
4 x 25 pb"1 = 100 pb"1

4 x 50 pb-1 = 200 pb-1

4 x 100 pb-1 = 400 pb"J

AMw (stat)
134
95
67

AMw (stat+syst)
139
101
76

AMw (total)
144
108
84

Table 9: Summary of statistical and systematic errors (in MeV) on Mw from a cross-section
measurement (all channels) at y/s = 161 GeV. The total luminosity refers to four experiments
combined. The third column includes the channel-dependent systematic errors only (see Ta-
ble 8), and the fourth column includes the overall common systematic error.

3 Direct Reconstruction

In this section, we discuss the measurement of the W mass by kinematic reconstruction of the
invariant mass of the W decay products. The statistical precision of this method which could
be obtained by combining four experiments each with 500 pb"1 at ^/s = 175 GeV, assuming
100% efficiency and perfect detector resolution, is about 10 MeV, limited by the finite width
of the W. In practice, this ideal precision will be degraded, partly through loss of statistics,
but mainly because detector effects limit the resolution on the reconstructed mass. This has
been studied in detail by the four experiments, using Monte Carlo events with full detector
simulation. We discuss methods of improving the mass resolution over that obtained by simple
calculation of invariant masses. In particular, a kinematic fit using the constraints of energy and
momentum conservation, together with the equality of the two W masses in an event, proves to
be a very powerful technique for improving the mass resolution, and also turns out to be a useful
background rejection criterion. For this reason, we concentrate on the channels W+W~—»qqqq
and W+W~—»qqZi> where the lepton is an electron or muon, for which constrained fits are most
useful.

We start by discussing the basic selection of W-pair events in these two channels, and the
reconstruction of jets. We discuss the techniques of the constrained fit in some detail, followed
by the determination of Mw from the distribution of reconstructed masses, indicating the

'prepared by M. Giunewald, N. J. Kjser, Z. Kunsit, P. Perei, C. P. Ward
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statistical error which may be expected. Finally we describe the main sources of systematic
error pertaining to this measurement.

3.1 Event selection and jet reconstruction

The criteria used to select W-pair events are essentially the same as those described in Section 2,
but at the higher energies used for direct reconstruction the background from Z/7 —»qq is lower,
so looser cuts can be used.

3.1.1 W+W--qqqq

W+W~—>qqqq events are characterised by high multiplicity (about twice that of a Z/7 —>qq
event at LEP1), high visible energy, and exhibit a four-jet structure. The main background
comes from (Z°/7)' —*qq events, for which the cross-section is much higher, as shown in Table 6.
Typical selection cuts for W+W~—>qqqq events include:

• high multiplicity of tracks and calorimeter clusters to remove purely leptonic events; a
significant fraction of W+W~—^qqZi' and (Z°/7)* —>qq events can also be removed.

• high visible energy and low missing momentum, to remove W+W"
Z/7 —>qq events.

•yqqlv and radiative

• explicit removal of events with an isolated electromagnetic cluster consistent with being
an initial state photon to remove radiative Z/7 —»qq events.

• event, shape variables to separate the four-jet W+W~—>qqqq events from the remaining
background, almost entirely composed of non-radiative Z/7 —>qq events. For example,
Fig. 11 shows the distribution of 3^ , the value of ycut in the Durham (kx) jet-finding
scheme at which events change from three jets to four jets, after cuts on the above
quantities have been applied. The W+W~—>qqqq events tend to have larger values of
this variable than the background. Other event shape variables, such as jet broadening
measures can also be used.

In Table 10 we show values of efficiency, purity, accepted cross-sections and numbers of
events produced by typical cuts on these variables. The efficiency of selection cuts tends to
fall slightly with energy because as ^/s is increased the W's are more boosted and event shape
variables have less separating power. The purity can be further enhanced by using kinematic
fits, as described below, though at a cost in efficiency.

In order to reconstruct the W mass, a jet-finder is used to force the selected events to
contain four jets. Jets are usually reconstructed using both tracks and calorimeter information
combined to give the best resolution. The typical jet energy resolution is around 20% for
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Figure 11: Distribution ofy£t, the value ofy^t in the Durham (h?) jet-finding scheme at which
events change from three jets to four jets, after cuts on multiplicity, visible energy and missing
momentum have been applied to events at 175 GeV. The solid histogram shows W+W~—>qqqq
events, the open histogram background, mainly non-radiative (IP/•{)' -+qq events. The dotted
line indicates a typical cut value.
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sfs = 175 GeV
Accepted

cross-section (pb)
Events

for SOOpb"1

y/s = 192 GeV
Accepted

cross-section (pb)
Events

for SOOpb"1

After basic selection cuts:
W + W - - q q q q
(Z°/7)' ^qq
(Z°/7)-(Z°/7)-
efficiency
purity

5.3
3.1
0.1

2650
1550
50

83%
62%

6.2
2.1
0.4

3100
1050
200

79%
62%

After kinematic fit:
W+W--*qqqq
(Z°/7)" - qq
(Z°/7)"(Z°/7)-
efficiency
purity
A(MW) (stat)

4.5
1.8
0.08

2250
900
40

71%
71%

73MeV

5.0
1.2
0.3

2500
600
150

64%
77%

74MeV

Table 10: Typical accepted cross-sections and numbers of events for the signal and main back-
grounds for the W+W~—>qqqq channel for two values of cm. energy, determined from Monte
Carlo including full detector simulation. Values are given both for basic selection cuts, and
after demanding a good kinematic fit. The efficiency, purity and expected statistical error on
My/ for an integrated luminosity of 500 pb'1 are also given.
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a jet energy of 20 GeV, improving to 15% at an energy of 60 GeV; over this same energy
range the angular resolution improves from 4° to 1.3° for jets at 90° to the beam direction.
Studies of various jet finders comparing the reconstructed jets with the initial quark directions
show no major differences among the commonly used schemes. The W mass may then be
reconstructed by forming the invariant mass of pairs of jets. For each event, there are three
possible combinations; Monte Carlo studies show that the combination where the two highest
energy jets are combined together is rarely the correct one, and combinatorial background can
be reduced by discarding this combination. The mass resolution can be improved by using
beam energy constraints or kinematic fits, as described in the next section.

3.1.2 W+W~->qq/i/

The distinguishing feature of W+W~—»qqef and W+W~—tqqfiu events is the presence of a
high momentum, isolated lepton. Typical selection cuts for W+W~—>qqei/ and W+W~—>qqp.i>
events include:

• high multiplicity of tracks and calorimeter clusters to remove purely leptonic events;
the multiplicity of W+W~—»qq/i/ events is lower than that of W+W~—»qqqq events, so
suitable cuts do not remove (Z"/-f)" —>qq background in this case.

• the presence of a high momentum, isolated, lepton.

An isolated lepton can be identified as an electron or muon with fairly loose, standard ex-
perimental cuts with high efficiency (~95%), though only in a limited acceptance, typically
cos(#)| < 0.93. For example electrons can be identified using the match between track mo-

mentum and energy deposited in the electromagnetic calorimeter, where the pattern of energy
deposition is consistent with an electromagnetic shower. Muon identification uses matching
between a track in a central tracking chamber and one in outer muon detectors. The lep-
ton momentum spectrum and its degree of isolation, as measured by the total scalar sum of
charged particle momentum plus electromagnetic energy in a 200mrad cone around the lepton,
are shown in Fig. 12. Typical efficiencies, purities, accepted cross-sections and numbers of
events are indicated in Table 11. W+W~—»qqri/ events can be selected as above, but instead
of requiring an identified electron or muon, searching for a narrow, low multiplicity jet isolated
from the other jets.

The W mass can be estimated from these events by simply forming the invariant mass of
the hadronic system, scaling to the beam energy, or preferably using the full information in a
kinematic fit as described below. In this case, the hadronic system is forced to be two jets, which
are reconstructed as in the W+W~—>qqqq case. The lepton energy resolution is much better
than that for a reconstructed jet, as long as care is taken to include all the electromagnetic
energy associated with an electron.
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p (GeV/c) SE+Efp| (GeV)

20 40 60 80 100
p (GeV/c)
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Figure 12: (a) Momentum spectrum of particles identified as leptons and passing isolation cuts
at 161 GeV. (b) scalar sum of charged particle momentum and electromagnetic calorimeter
energy in a 200 mrad cone around high momentum identified electrons and muons at 161 GeV.
(c) and (d) as (a) and (b) for ^/s = 175 GeV. In each case the solid histogram shows the
contribution from leptons in W+W~—»qq/i/ events, the open histogram the background. The
dashed lines show possible cuts.
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v/i = 175 GeV
Accepted

cross-section (pb)
Events

for SOOpb"1

y/l =192
Accepted

cross-section (pb)

3eV
Events

for SOOpb"*1

After basic selection cuts:

W+W—qqri/

Z°ee
efficiency
purity

3.1
0.2
0.2
0.2

1550
100
100
100

77%
83%

3.8
0.4
0.2
0.3

1880
200
100
150

74%
80%

After kinematic fit:

W + W--»qqn/

Z°ee
efficiency
purity
A(Afw) (stat)

3.0
0.05
0.04
0.02

1500
25
20
10

73%
96%

72MeV

3.4
0.06
0.05
0.05

1700
30
25
25

68%
95%

93MeV

Table 11: Typical accepted cross-sections and numbers of events for the signal and main back-
grounds for the W+W~—Kjqlu (I = e or n) channel for two values of cm. energy, determined
from Monte Carlo including full detector simulation. Values are given both for basic selection
cuts, and after demanding a good kinematic fit. The efficiency, purity and expected statistical
error on My/ for an integrated luminosity of 500 pb'1 are also given.
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3.2 Constrained fit

After the event has been reconstructed as a number of jets and a number of leptons we next turn
to the reconstruction of the W mass from these four fermions, which are treated as individual
objects with measurable quantities. We try to reconstruct the best estimator for the W mass
on an event by event basis from the measured quantities and the constraints imposed by energy
and momentum conservation, and the possible additional constraint that the masses of the two
W's are equal.

Without imposing any constraints the direct reconstruction of the di-jet mass gives:

- cos 8ij), (37)

where E( and Ej are the jet energies, dij the jet-jet opening angle and where the jet masses
have been neglected. Taking only the errors on the jet energies into account, as these are much
larger than the errors on the angle measurements, this then gives:

(38)

Typical jet energy measurement errors of 15% at 45 GeV lead to a relative uncertainty of 10%
on Afw, and give distributions of reconstructed mass as shown in the top half of Fig. 13. To
make a precision measurement of My/ it is necessary to improve this resolution by making use
of the knowledge of the total energy and momentum which is given in an e+e~ collider.

3.2.1 Resettling methods

These methods are especially useful for the analysis of the semi-leptonic channels and most
have been described previously [1]. The basic principle is to write the momentum, energy,
and equal mass constraints as functions of the measured fermion momenta and solve for those
variables which have the largest measurement uncertainties, generally jet energies.

The first step is to include the beam energy constraint, which is equivalent to the constraint
that the two masses are equal:

Ei + Ej = Eh. (39)

This leads to a determination of the reconstructed My/:

i + Ei
\JZEiEji\-cos6ij). (40)

Assuming that only the errors on the jet energies are important the error on the mass becomes:

(41)
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Together with the other errors which were neglected, this leads to a relative uncertainty on
the reconstructed mass of typically 5%. This method is especially suited to the semi-leptonic
channel in which the leptonic W decay into rvT does not allow advantage to be taken of the
measured lepton energy.

In the case of semi-leptonic decays to an electron or muon, we can include the parameters
of the measured lepton by writing:

pj, = — — Ej€j

Ev = Eh, (42)

where e are unit vectors in the direction of the particles. These five equations with five un-
knowns, fv, Ei, and Ej, can be solved, and yield two distinct solutions. This ambiguity leads
to a problem if the two solutions are close to each other. Taking the solution which is closest
to the measured jet energies leads to a relative error on My/ of about 4%.

The two exact solutions of Eq. (42) will give two minima also for the constrained fit in the
X2(My/) distribution when the two solutions are close. Monte Carlo studies suggest that about
40% of the events are afflicted by this problem. Current analyses have not yet included this
effect in the determination of Afw and one might therefore expect an improvement in resolution
if this effect is taken correctly into account.

3.2.2 The constrained fit

The most effective way to use all the information available in an event is to perform a constrained
kinematic fit. In such a fit, the measured parameters are varied until a solution is found which
satisfies the constraints imposed and also minimises the x2 difference between the measured
and fitted values. Several methods exist to perform this minimization. A traditional one solves
the problem using Lagrange multipliers, minimising

y - yo)
T V - 1 ($, A) = (y - yo)
T V - f(y), (43)

where V is the error matrix, y the fitted variables, y~o the measured values, A Lagrange multi-
pliers, and f(y) the constraints written as functions which must vanish. An equivalent method
is to use penalty functions where terms of the type p' jc2 are added to the x2- The procedure
then minimizes the total x2 m *& iterative way, for each step decreasing the a of the penalties.
Results are in general the same but the convergence is slightly slower.

The inputs to the fit are measurements of the energy and angles, of the four jets in the
hadronic final state or of the two jets and lepton in the semi-leptonic final state, together with
their error matrix. Errors on jet parameters can be extracted from data or Monte Carlo, and
may be functions of both energy and position measured in the detector. In practice most of
the jet measurement errors are nearly uncorrelated, making the error matrix diagonal. For the
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quantity would seriously bias the measurement. The reason for this effect is related to the
kinematics of the events. When the mass approaches the kinematic limit the precision on the
sum of the unknown masses will be better and better while the precision on the difference be-
tween the masses will deteriorate. This leads to a mass resolution that broadens with increasing
energy. Going from 175 GeV to 192 GeV typically increases the measurement errors by 25%
on in event by event basis. The effect of this on the final statistical error on M« is diluted by
the fixed Fw and compensated by an increase of the W+W~ cross-section.

The constrained fit assumes that the errors on the measured quantities are Gaussian and
uncorrelated between jets. Several effects lead to non-Gaussian errors and correlations. Each of
these will lead to tails in the distributions and hence to a peak at low probability for the fitted
X2. The most important is gluon radiation, but also overlapping jets, initial state radiation, Fw,
and acceptance effects play a role. The hard gluon radiation is of course in direct disagreement
with the treatment of jets as independent objects. Even rather soft gluon radiation lead to jets
being broadened in a specific direction, giving correlations that are not included in the current
implementations of the constrained fit. Studies have been performed to try to recover some of
the 4-jet events which fail to give a good fit by treating them as 5-jet events. However, although
some fraction of these events then give a good fit, the combinatorial problem is severe, and it
appears that their inclusion has little effect on the ultimate mass resolution.

3.2.4 Inclusion of initial state radiation

As will be seen below, energy lost in initial state radiation biases the fitted mass if it is not
included in the fit. Initial state radiation can be included in the constrained fit using the
following procedure. We know that there is a large probability that the photon is produced
close to the collision axis and hence not detected. We can therefore as a good assumption take
the momentum to be collinear with the z-axis. We also know to a high precision the expected
distribution of the photon energy. In a simple approximation this reads:

p(x)dx = (44)

where x — E^/\/s and 0 is a parameter which is smaller than unity and depends on -Js. Since
this is non-Gaussian we cannot take this term directly into the x2 expression. Instead we
introduce the likelihood concept and use the standard -2 ln(likelihood) as the term to add to
the x7- H we just use the probability as the likelihood this approach will not work since the
distribution has a pole for x —+ 0. Instead one can choose to use the confidence limit as an
estimator for the likelihood: x

C(x) = I p(y)dy (45)
Jx

With this formulation the constrained fit works but its implementation is rather difficult since
one has to divide the fit into two parts: one where one assumes the photon goes in the forward
direction and one where one assumes the opposite. When the fitted £., approaches zero the
first order derivative of xJ will still diverge, but this only means that the fit prefers the zero
solution, since the measurement does not have sufficient resolution to distinguish between no
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TISR and a TISR with a small energy. Monte Carlo studies show that photons below about 3 GeV
cannot be resolved and when photons are above typically 8 GeV the W bosons can not be on
mass-shell. The final improvement in the My/ measurement is therefore limited.

3.3 Determination of the mass and width of the W

In this section we describe several strategies for extracting Mw from distributions of recon-
structed invariant masses such as those show in Fig. 13. As we aim for a precision measurement
of Mw with sub-permille accuracy, this is a non-trivial task, because we have to control any
systematic effect to an accuracy of a few MeV. The total width of the W boson, Fw, may ei-
ther be extracted simultaneously with the mass, or the functional dependence Fw = Fw(Mw)
of the Standard Model may be imposed as a constraint for increased accuracy on Mw- The
methods to analyse the data in terms of Mw and Fw fall into four groups: (1) Monte Carlo
calibration of simple function; (2) (De-) Convolution of underlying physics function; (3) Monte
Carlo interpolation; (4) Reweighting of Monte Carlo events.

In general, all methods make use of Monte Carlo event generators [18] and detector simu-
lation to determine the effects of the detector such as resolution. Thus any method has to be
checked for possible systematic biases introduced by using Monte Carlo event samples gener-
ated with certain input values for Mw and Fw- In addition, systematic errors may arise due
to deficiencies in the Monte Carlo simulation describing the detector and/or the data. Other
systematic errors arise from the technical implementation of the fitting methods, such as fit
range, bin width in case of binned data, choice of functions to describe signal and background
etc.

3.3.1 Monte Carlo calibration

To fit the invariant mass distribution, this method uses a simple, ad-hoc function, e.g., a double
Gaussian or a Breit-Wigner convoluted with a Gaussian, to describe the signal peak and another
simple function to describe the background. One of the fit parameters is used as an estimator,
M, for the W mass, e.g., the mean of the Gaussian or the Breit-Wigner. The same fitting
procedure is applied to both data and Monte Carlo events. Since for the latter the input W
mass, Myjc, is known, the Monte Carlo result is used to evaluate the bias A of this method,
A = MMC — Myjc, where this bias may depend on the final state analysed. The mass of the W
measured in the data is now simply given by the estimator Md°" derived from fitting the data
distribution, corrected for the bias A evaluated from Monte Carlo events: Mw = MAu" - A.

This procedure automatically takes into account all corrections for all biases as long as they
are implemented in the Monte Carlo simulation, such as initial-state radiation, background
contributions, detector resolutions and efficiencies, selection cuts etc. The knowledge of how
well the Monte Carlo describes the underlying physics and the detector response enters in the
systematic error on the bias A.

184



jet masses two different strategies are used. Either the jets are assumed to be massless and the
measured jet energy is used as the measured jet momentum, or one includes the reconstructed
jet masses in the fit. (Note that the r lepton can be treated in nearly the same way as jets,
except that the errors on the transverse momenta are given by the missing mass and that the
r mass is used explicitly in the fit. This has not yet been studied in detail.)

The fit can be performed using only the constraints of energy and momentum conservation,
or also including the constraint that the masses of the two reconstructed W's be equal. In
the hadronic channel, this gives a 4C or 5C fit respectively. In the semi-leptonic channel,
the number of constraints is reduced by three because the parameters of the neutrino are
unmeasured, resulting in a 1C or 2C fit. The equal mass constraint can be included exactly, or
the width of the W can be taken into account by adding a term to the x2 proportional to the
difference in mass of the two W's. In practice, because the mass resolution is larger than the W
width, both methods give almost the same results. If an equal mass constraint is not applied,
the reconstructed masses of the two di-fermion systems are strongly anticorrelated. Thus only
the average invariant mass can usefully be extracted per event. The inclusion of an equal mass
constraint is preferred over a fit using only energy and momentum conservation because it gives
improved mass resolution and superior background rejection.

In the 4-jet channel we do not know which jets are to be combined to produce the heavy
particles we are interested in reconstructing. Therefore the constrained fit is performed for
all three possible combinations. In the case with no equal mass constraint there are three
different mass solutions with the same x2- When an equal mass constraint is imposed the three
different solutions will in general have different x2 a n d one can therefore use this information to
distinguish between the solutions. The procedure employed by most analyses is to first define
a mass window, wide enough not to bias the mass measurement, and if more than one solution
exists inside this window choose the solution with the lowest x2- This procedure is however not
perfect and one is left with a fraction of wrong combinations as shown in Fig. 13.

3.2.3 Results of the fit

In Fig. 13 we show invariant mass distributions before and after the fit, in the latter case taking
only those events which give a good fit. Before the fit, the mass distributions are very broad.
After the fit the mass resolutions obtained are typically 3.5% for the W+W~—>qqiv channel
and around 2.5% for the 4-jet channel. It is also clear from this figure that the x2 °f the
constrained fit can be used to eliminate possible background which does not comply with the
W+W~ hypothesis: the level of background is much lower in both channels after demanding a
good fit. However, a fraction of W+W~ events, varying from about 10% to 30% depending on
the channel, also fails to give a good fit. These events are discussed below. Typical values of
efficiency and purity after the fit are given in Tables 10 and 11.

From the constrained fit we can calculate the error on the fitted mass. This error is highly
correlated to the actual value of the fitted mass, so selecting events with a simple cut on this
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Figure 13: Distributions of the invariant mass for selected events for the W+W~—>qqqq channel
at yft = 192 GeV (left) and the W+W-^qqlu channel at s/s - 175 GeV (right). The
top plots are before the kinematic fit, the bottom ones after a five-constraint (W+W~—»qqqq^
or two-constraint (W+W~—>qqli/) kinematic fit. For the W+W~—>qqqq channel, the open
histograms show the correctly found jet-jet combinations, the singly hatched areas correspond to
the incorrectly found jet-jet combinations and the cross-hatched parts indicate the background
from other sources (mainly qq(f))- For the W+W~—*qqlv channel the open histograms show
signal events, the cross-hatched areas background including the W+W~—>qqri/ contribution.
The statistics correspond to an integrated luminosity of 500 p6~l.
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The fundamental drawback of this method is that the simple function used in the fit is not
unique. Depending on its choice, even different statistical errors on Mw can be obtained. In
addition, the estimate of the bias correction A depends itself to some extent on the Monte
Carlo parameters M $ c and F w

c , or on the centre-of-mass energy, \/i, A = A(s; M$ c ,FW
C ) .

Such a dependence, however, can be corrected for by iteration.

3.3.2 Convolution

The drawbacks listed above are alleviated in the convolution method. Here, the correct func-
tion, i.e., the underlying physics function, is used as a fitting function. This function is simply
the differential cross-section in the two invariant masses (denoted by m l,m2). Note that this
function is not a simple Breit-Wigner distribution in m-i and m2 due to phase space effects
and radiative corrections. Several analytical codes exist (e.g., GENTLE etc. [18]), which calcu-
late the differential cross-section including QED corrections, — as a function of the
centre-of-mass energy, ^/s, and the Breit-Wigner mass and total width of the W boson, M w

and F w

The effects of the detector are included by convolution. The prediction for the distribution
of the reconstructed invariant masses (denoted by mi,m2) is thus given by:

>;Mw,Fw) f, f,
—, ' = I uTTli / Q7712

mi ami J Jdm d 171 j Q TW2
(46)

The transfer or Green's function G, which depends on the final state analysed, can be inter-
preted as the probability of reconstructing the pair of invariant masses (mi, m?) given the event
contained the pair of true invariant masses (mi,m2). Several simplifications for G are possible,
down to a 1-dimensional resolution function G = G([mi + m"2]/2 — [mi + m2J/2).

The actual fitting of invariant mass distributions can be performed either on the measured
or on unfolded distributions. In the former case, the underlying physics function, ^
is convoluted with G, and the result is fitted to the data with Mw and Fw as fit parameters.
In the latter case, the measured distribution, d "}!L J^irvy', is first unfolded for detector effects,
by applying the "inverse" of G. The underlying physics function, ^ fby applying the inverse of G. The underlying physics function, — j ^ f 1 1 i c a n n o w De

fitted directly to the unfolded distribution. From a purely mathematical point of view, both
methods are equivalent. In practice, however, G is determined only up to a certain statistical
accuracy. Since folding is an intrinsically stable procedure in contrast to unfolding, which is
unstable, the former method is preferred. Reference [49] gives more details on the features of
unfolding procedures. Backgrounds are described by simple functions, derived from data and
from Monte Carlo simulations, which are added to the signal.

This method allows cuts on generated invariant masses (m^mj) and ISR energy loss, since
these are the only variables used in most semianalytical codes. In addition, cuts on the re-
constructed invariant masses (mi,inj) are possible. Since cuts on other variables cannot be

applied, it must be checked whether selection cuts bias the invariant mass distribution, for
example by testing the method with Monte Carlo events (cf. method (1)).

3.3.3 Other Monte Carlo based methods

The problems of the previous two methods can be solved by a Monte Carlo interpolation
technique. Several samples of Monte Carlo events corresponding to different input values of
M$c and F$$c are simulated, e.g., in a grid around the current central values for (Mw,Fw)
extending a few times the total (expected) error in all directions. The Monte Carlo samples
of the accepted events are compared to the accepted data events, thereby taking the influence
of event selection cuts into account. Backgrounds are included by adding the corresponding
Monte Carlo events. The compatibility of the invariant mass distributions is calculated, e.g.,
in terms of a x2 quantity. Interpolation of the x2 within the generated (M$c, Fw

c) grid allows
to find the values Mw and Fw which minimise the x2- Like method (1), this method corrects
automatically all possible biases due to all effects considered in the Monte Carlo simulation.
The only drawback is that a rather large amount of Monte Carlo events must be simulated.

This problem, however, can be solved by a reweighting procedure. In that case only one
sample of Monte Carlo events is needed, which has been generated with fixed values M$°
and F w

c . Event-by-event reweighting in the generated invariant masses (mi,m2) is performed
to construct the prediction for the invariant mass distributions corresponding to values My/
and F w . These distributions are then fitted to the data distributions. Since individual Monte
Carlo events are reweighted, it is straight forward to implement the effects of selection cuts.
Moreover, using a Monte Carlo generator also in the calculation of the event weights, it is even
possible to extend further the set of variables on which the event weights depend to include any
kinematic variable describing the four-fermion final state, such as the reconstructed fermion
energies and angles.

3.3.4 Expected statistical error on Mw

So far the experiments have studied methods (1), (2) and (3) [44, 45, 46, 47]. For the statistical
errors on Mw quoted in Tables 10 and 11, the experiments have mainly used method (1), which
is adequate for this purpose. It should be noted that the more involved analyses (2), (3) and
(4) do not aim for a reduction in the statistical error on Mw. This error is fixed by the number
of selected events, the natural width of the W boson and the detector resolution in invariant
masses. Instead the advantage of these methods lies in the fact that they allow a thorough
investigation of the various systematic biases arising in the determination of the W mass. It is
possible to disentangle systematic effects due to background diagrams, initial-state radiation,
event selection, detector calibration and resolution etc. Thus, in order to have a better control
of systematic effects, it is envisaged that the final analyses will use the more involved strategies
(2), (3), (4) or a combination thereof.
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As shown in Table 10, the statistical error on Afw from the W+W~—>qqqq channel is
expected to be about 73 MeV, roughly independent of y/s, for an integrated luminosity of
500 pb"1 . For the W+W"-+qq/i/ channel a similar value is expected at 175 GeV, but at higher
energies the worsening resolution on Afw causes this value to increase somewhat.

3.4 Systematic errors

Three classes of systematic error have been envisaged: errors coining from the accelerator, from
the knowledge of the underlying physics phenomena, and from the detector. The last two classes
are sometimes related as some physics parameters may affect the detector response. In contrast
with the threshold cross-section method, effects which distort the mass distribution must be
considered here. Most of the following error estimates have been obtained using simulations.
The models used will be checked against LEP2 data when available and represent today's state
of the art.

3.4.1 Error from the LEP beam

The direct mass reconstruction method relies on constraining or rescaling the energies of the
reconstructed W's to the beam energy. The error on the beam energy is foreseen to be less than
12 MeV (see Section 1.1), translating to 12 MeV x My//Et*am on the mass. The beam energy
spread will be ss 40 MeV x s/(9l GeV)2 [2] with a negligible effect on the statistical error. The
operation with bunch trains should not significantly affect the beam energy. Experience gained
at LEPl will guarantee a very good follow up of the behaviour of the beam even at short time
scales.

3.4.2 Error from the theoretical description

The most important distortion of the mass distribution comes from initial state radiation (ISR).
The average energy carried by radiated ISR photons is {EISR) = 1.2 GeV per event at y/s =
175 GeV and rises linearly up to 2.2 GeV at y/s = 200 GeV. From the beam energy constraint,
one expects an average mass shift of the order of (EISR}M\V/\/S, i.e. about 500 MeV at
175 GeV. A fit to the mass distribution gives more weight to the peak yielding a shift of only
200 MeV at this energy. As a direct measurement of the ISR spectrum seems impossible to
an accuracy relevant for the W mass measurement, we will rely on the theoretical calculations
as described in Section 1.6.5 which present an error of 10 MeV on (EISR). Together with
uncertainties on the shape of the spectrum, this translates into an error smaller than 10 MeV
on the W mass.

Background events contained in the final sample will also distort the mass distribution
(Fig. 13). These backgrounds can be monitored with the data themselves under a dedicated
analysis. The most important source of background comes from (Z0/y)" —*qq events which has
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a flat mass distribution in the fit area. The effects of an error on the level or in the shape of
this background have been estimated by changing its production cross-section by 20% and by
shifting the background mass distribution by 0.5 GeV resulting in an error of 12 MeV for the
W+W~—»qqqq channel and 6 MeV for the W+W"—»qq/i/ channel. The background four jet
rate as measured at LEPl is not perfectly reproduced by the simulations [50] and will have to
be better determined.

The fragmentation model for W events is the same as was fitted to Z events at LEPl. To
estimate errors from this model, each of its parameters has been varied and the error is derived
according to a 1 standard deviation from the best fit value. The total error is 16 MeV, which
should be taken as an upper limit as the parameters have been varied separately without taking
into account correlations.

Colour reconnection and Bose-Einstein correlations may seriously affect the mass distribu-
tion in the W+W"-+qqqq channel. These are discussed in detail in Section 4.

3.4.3 Error from the detector

Effects of miscalibration appear to be very small. This is due to the use of the beam energy
which gives a precise scale. For instance, a conservative shift of 2% in the momentum of charged
tracks, and miscalibration of 5% for electromagnetic and hadronic calorimeters produces a shift
of 10 MeV on the W mass.

During the LEP2 era, it is foreseen to run for short periods at y/s = M% in order to calibrate
and determine the efficiencies of the detectors with high statistics. Genuine LEP2 events like
e+e~ —» Z°7 will also be used to monitor the hadronic recoil mass to the photon. Two Z events
produced at LEPl can be mixed and boosted to a LEP2 energy to study the adequacy of the
mass reconstruction in comparison with the simulations.

In the W+W~—>qqqq channel, the wrong assignment of a jet to a W distorts the mass
distribution giving rise to a low mass tail. The amount of such misassignments depends on
the algorithms used. By changing parameters in such algorithms we estimate an error of up to
5 MeV.

Several methods to extract the W mass from the measurements have been studied (see
Section 3.3). If a simple function is fitted to the measured mass distribution, errors from the
choice of the mass fit range are to be expected, and are typically 10 MeV. A convolution
of the physics function with (or a deconvolution from) detector effects should largely reduce
such errors. However this convolution depends on the accuracy of the simulation of the event
structure, for instance on the fragmentation model used (see above).

In the present simulation studies, limited statistics have been generated. The statistical
error on the mass shift with 500k events simulated is of the order of 10 MeV.
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Source
Ebtam
ISR
fragmentation
backgrounds
calibration
MC statistics
mass fit
jet assignment
interconnection
total

W+W"-»qqqq
12
10
16
12
10
10
10
5
?

31

W+W"-»qq/«/
12
10
16
6
10
10
10
-
-

29

Table 12: Estimated systematic errors on My/ per experiment in MeV. Colour reconnection
and Bose-Einstein effects are not included in the total.

3.4.4 Common errors

The effects mentioned above are summarized in Table 12 and total to about 30 MeV for each
channel at y/s = 175 GeV. Although errors from the beam energy, ISR and background will
vary with energy, we do not expect large variations over the 165 to 190 GeV range.

Errors on the beam energy and ISR are common to all experiments. Errors from fragmen-
tation and background are partially common as far as the physical parameters are concerned,
but a particular analysis will retain a level of background or be sensitive to fragmentation tails
in a different way from another analysis, hence with a slightly different error. If these errors
were considered common to the four experiments, they would amount to a total of 25 MeV
(23 MeV) in the W+W-->qqqq (W+W--»qq/i/) channel.

3.5 Summary

In Table 13 we show the total error on My/ which might be expected by combining four
experiments each with an integrated luminosity of 500 pb"1 at y/s = 175 GeV. As discussed
in the previous section, systematic errors from the beam energy measurement and initial state
radiation, fragmentation and backgrounds are considered common to both channels and to all
experiments. The total expected error is around 34 MeV. with roughly equal contributions
from statistics and systematics. This value is expected to rise, but only very slowly, with y/s
because of the worsening mass resolution.
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Source
Statistical
Common systematic
Uncorr. systematic
total

W + W ^ q q q q
36
25
9

45

W+W-->qq/i'
36
23
9

44

Combined
25
23
6

34

Table 13: Estimated total error on My/, in MeV, which could be obtained by combining four
experiments each with an integrated luminosity of 500 pb"1 at y/s = 175 GeV. Colour recon-
nection and Bose-Einstein effects are not included in the systematic error.

4 Interconnection Effects4

4.1 Introduction

The success of the precision measurements of the W boson mass My/ strongly relies on accurate
theoretical knowledge of the dynamics of the production and decay stages in e+e~ —» W+W~ —»
4 fermions. Owing to the large W width, Fw, these stages are not independent but may
be interconnected by QCD (and electroweak) interference effects, which must be kept under
theoretical control. Interconnection phenomena may obscure the separate identities of the two
W bosons, so that the final state may no longer be considered as a superposition of two separate
W decays [51, 52]. Thus the "direct reconstruction" method of measuring Afw at LEP2 using
the hadronic (qjq2 q3<l4) channel has an important caveat — the colour reconnection effects
[51, 52, 53] — which may distort the mass determination [52]. Another delicate question is
whether Bose—Einstein effects could induce a further uncertainty in the mass determination
[52, 54].

The hadronic effects mentioned above are all well-known from other processes. Interferences
in the production and decay of unstable objects are observed e.g. in multipion final states at
low invariant masses [55]. QCD interconnection could be exemplified by 3/xj) production in B
decay: in the weak decay b —» cW~ - t e c s the cc —> 3/xp formation requires a "cross-talk"
between the c+s and the c+spectator colour singlets. Bose-Einstein effects are readily visible in
high-energy multiparticle production, including LEP1. In view of the precedents, the working
hypothesis must be that interconnection effects are at play also for W+W~ events.

The space-time picture of hadroproduction in hadronic W+W~ decays plays a very impor-
tant role in understanding the physics of QCD interference phenomena [52, 56]. Consider, for
instance, a centre of mass energy of 175 GeV where the typical separation of the two decay
vertices in space and in time is of the order of 0.1 fm. A gluon with an energy u> ̂ > Fw therefore
has a wavelength much smaller than the separation between the W+ and W~ decay vertices,
and is emitted almost incoherently either by the qjq2 system from one W or by the qjq4 one

4prepared by V.A. Khoze, L. Lonnblad, R. Mtfller, T. Sjostrand, S. Todorova and N.K. Watson.

190



from the other. Only fairly soft gluons, u £, Tw, feel the joint action of all four quark colour
charges. On the other hand, the typical distance scale of hadronization is about 1 fm, i.e. much
larger than the decay vertex separation. Similarly, observed Bose-Einstein radii are of this
order. As a result, the hadronization phase may induce sizeable interference effects.

As one could anticipate from the above, the perturbative QCD interconnection effects appear
to be very small [52]. In examining the size of the non-perturbative W mass distortions one
has to rely on existing QCD Monte Carlo models rather than on exact calculations. These
models have done a very good job in describing a large part of the experimental data at the
Z° resonance, so it seems plausible that they (after the appropriate extensions) could provide a
reliable estimate of the magnitude of the interconnection-induced shift in the W mass. However,
one has to bear in mind that there is a true limit to our current understanding of the physics
of hadronization [52, 57], so the actual value of the shift may be beyond our current reach.

One of the achievements of the activity of our working group is that the colour reconnection
physics has been tested in several approaches [52, 53, 57, 58, 59]. The Bose-Einstein studies
are somewhat lagging behind, but progress is visible also here [54, 60, 61].

There is another challenging reason to study the phenomenon of colour recoupling in
hadronic W+W~ events: it could provide a new laboratory for probing non-perturbative QCD
dynamics [51]. The very fact that different assumptions about the confinement forces may give
different predictions for various final-state characteristics means that it might be possible to
learn from experiment about the structure of the QCD vacuum [51, 52, 53].

Finally, note that there are other effects — this time originating in purely QED radiative
phenomena — which, in principle, prevent the final state from being treated as two separate
W decays. For instance, final-state QED interactions, for the threshold region exemplified by
the Coulomb forces between two unstable W bosons, induce non-factorizable corrections to the
final-state mass distributions in e+e~ —> W+W~ —> 4 fermions [32, 33, 34]. Of course, there is
no reason why all such QED effects cannot, in principle, be computed to arbitrary accuracy, and
taken into account in the mass determination. However, at the moment no complete formulae
are available which could be relevant for the whole LEP2 energy range. This topic certainly
needs further detailed studies and a comprehensive activity here is in progress. For further
comments see Section 1.

4.2 Colour reconnection

Several quite different colour reconnection models have been presented by now. A crude survey
of features is found in Table 14. The listing is by no means complete; several simpler toy models
have also been proposed [52]. The three main philosophies are the following:

• A colour-confinement string is created in each W decay, spanned between the decay-
product partons. These strings expand out from the respective decay vertex and even-
tually fragment to hadrons. Before that time, a reconnection can occur by a space-time
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encounter between sections of the two strings. In one extreme (QCD vacuum structure
analogous to a type I superconductor) the reconnection probability is related to the in-
tegrated space-time overlap of the extended strings, in another (likewise, with type II
superconductor) to the crossing of two string cores (vortex lines). Many subvariants are
conceivable. The models in [59] represent further refinements of the ones presented in
[52].

• Perturbative QCD prefers configurations with minimal string length in Z° decays. Here
length is defined in terms of the A measure, which may be viewed as the rapidity range
along the string: A ss J3; ln(m?/m*), where TO; is the invariant mass of the t'th string
piece and mp sets a typical hadronic mass scale. It is plausible that, when the partons of a
W pair are separating and strings formed between them, such configurations are favoured
which correspond to a reduced total string length. Therefore a reasonable criterion is to
allow A-reducing reconnections at the scale of Fw, within the limits of what is given by
colour algebra factors. The models in [53] and [57] are variants on this theme.

• In a cluster approach to fragmentation, clusters are formed by the recombination of a
quark from one gluon branching with an antiquark from an "adjacent" branching (alter-
natively primary quark flavours or diquarks). Normally "adjacent" is defined in terms of
the shower history, but another reasonable criterion is the space-time size of the formed
clusters. Therefore reconnection relative to the ordinary picture could be allowed anytime
the sum of the squared sizes of the formed clusters is reduced. Restrictions are imposed,
so that e.g. the quark and antiquark from a gluon splitting cannot form a cluster together.
This approach is found in [58].

The models need not be viewed as mutually contradictory. Rather, each may represent some
aspect of the true nature of the process.

The main philosophies can be varied in a multitude of ways — Table 14 is to be viewed
as an appetizer to a proper appreciation of this. Program details can be found in the QCD
event generators section and in the original literature. The overall reconnection probability
depends on free parameters in all the models, since we do not understand the non-perturbative
dynamics; colour suppression factors like 1/JV£ may be present, as in the perturbative phase, but
are multiplied by unknown functions of the space-time and momentum variables. Furthermore,
the models can only be incomplete representations of the physics, e.g., the effects of "negative
antennae/dipoles" [52] and of virtual-gluon corrections remain to be addressed.

Several studies have been performed to estimate the effect (bias) of colour reconnections
on the W mass measurement, and to evaluate the possibility of determining experimentally
whether such phenomena are taking place in the W+W~ system. Reconnection effects could
also give visible signals at LEP1. To allow unbiased comparisons, each reconnection model
should be retuned to general event-shape data with the same care as for the "no reconnection"
scenarios. This process is now under way. The ARIADNE studies make use of a retuning of the
model with reconnection effects, by its author [57, 62].
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authors

reference
based on

reconnection
criterion

reconnection
probability
model of
all events

space-time pictu
W vertices

parton shower
fragmentation

multiple
reconnections
reconnection
inside W/Z

change of event
properties

Khoze
Sjostrand

[52]

Todorova

[59]
PYTHIA

space-time overlap (I)
or crossing (II) of strings

I: free parameter
II: partly predicted
yes

re implemer
yes
no
yes
no

no

yes

ited for
yes
yes
yes
yes

yes

almost
invisible

Gustafson
Hakkinen

[53, 66]

Lonnblad

[57]
ARIADNE

string length
reduced

free
parameter

no

no

yes

yes

small but
visible

partly
predicted

yes

(-
no

yes

yes

visible, needs
retuning

Webber

[58]
HEKWIG

cluster space—time
sizes reduced

free
parameter

yes

- = not applicable)
yes
yes

yes

yes

large, needs
retuning

Table 14: Survey of colour reconnection models. The information should be taken as indicative;
only the original literature gives the ideological motivation behind the choices.
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In order to set limits on possible W mass shifts, the experimental sensitivity with which
reconnection may be observed has to be evaluated for each model (as a function of the model
parameters, where appropriate). If no effects are observed in the LEP2 data, this sets a limit
on the reconnection probability, which can be turned into an estimate of the systematic uncer-
tainty in the W mass. To complicate matters, different models will in general predict different
mass shifts for the same probability of reconnection. This complication will also appear if
reconnections are observed in the data and one would like to correct the observed W mass
accordingly.

Predictions for the systematic error in W mass measurement are presented in Table 15.
It is important to understand that the value of the W mass shift depends very strongly on
the definition of this shift, as well as on the method used to reconstruct the jets, the fitting
function used, and the tuning of the models. These factors need to be controlled strictly to
allow meaningful comparisons. Three estimates of the mass shift have been studied:

• Averaging Some Monte Carlo authors [52, 57] form a distribution (difference between
reconstructed and generated W mass) event-by-event, and use the difference in the means
of two such distributions (with and without reconnection) as an estimator of the system-
atic shift.

• Fitting Two mass distributions are formed, one with and one without reconnection,
and the W mass is obtained by fitting each separately. The function used was a Breit-
Wigner, modulated by phase space factors. The difference between the fit results gives
the estimated mass shift. The definition of jets and correspondence between jets and W's
followed method 3 of [52].

• Detector The analysis was performed as if using real data. Mass distributions are
obtained after the events (with initial state radiation) have been passed through a LEP
detector simulation program, thereby including typical experimental acceptance and qual-
ity cuts. The W mass is determined for each event using a 5 constraint kinematic fit (see,
e.g., Section 3). The shift is taken as the difference between two fitted mass distributions
as above, although the definition of jets, the association between jets and W's and the
fitting function were different. The experimental results presented here were obtained
using a simulation of the OPAL experiment [63].

Table 15 contains an (incomplete) comparison of the shifts observed using all three definitions
of the shift in the W mass, where the errors are from finite Monte Carlo statistics. As indicated,
the three are not expected to agree. It is noted that there is an upwards shift after detector
simulation. The study of [63], including the same kinematic fitting, jet and W reconstruction,
was repeated using events without detector simulation. Mass shifts which are l-2cr (statistical)
lower than the detector simulation fits were observed; they were stable against changes in
fit range, and cuts on Pt > 150 MeV/c and kinematic fit probability (>1%). They are also
consistent with the shifts in the 'fitting' column in Table 15.
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Model

[52] Type I, p=0.9
?=0.6
/5=0.3

Type II'
[59] Type I, p=l.

Type I, p=100.
Type II, d=0. fm

Type II, .2=0.01 fm
[53]
[57]

[57] retuned([64])
[58]

Reconn.
prob.(%)

46.7
36.5
22.4
34.2
22
64
8
34
100
52
46
8

AMw (MeV)
averaging

27±14
22±14
10±14

-22±14
0±14
17±14

-18±14
-2±14
70±20
30±10
-6±14

-

fitting '
61±20
68±20
35±20

-25±19
33±18
47±18
-1±18
32±18

-
58 ± 2 1
17 ± 19
ll±10

detector
130±40
80±40
60±40
50±40

-
-
-
-

150±40
154±36

-
-

Sensitivity (<r)
Central

2.4
2.0
1.4
0.8
-
-
-
-

6.5
-
-
-

Interjet
1.9
1.5
1.2
0.8
-
-
-
-

6.8
-
-
-

Table 15: Summary of effects on Afw at 175 GeV. See the text for details. The p parameter
in Type I models relates the string overlap integral to the reconnection probability. The d
parameter gives the vortex line core diameter in Type II models. The numbers for [53] can be
rescaled by the reconnection probability, which here is a free parameter. The sensitivities in
the last two columns include detector simulation [63]. Several of the numbers in the table are
preliminary and further studies are underway to understand them.

If the shift is genuinely caused by specific experimental cuts, it may be possible to redesign
those cuts to reduce AAfw to the level seen without detector simulation. If so, we might also
construct a related observable for the detection of reconnection.

Two related experimental methods of detecting the presence of reconnection phenomena at
LEP2 have been studied, including OPAL simulation [63]: multiplicity in a central rapidity
bin [53] and interjet multiplicity [63].

In ref. [53] a significant decrease was found in the central rapidity region for events with a
thrust cut T > 0.76. (A larger difference but poorer statistical significance was obtained for
more restrictive thrust cuts.) An independent, PYTHIA-based implementation of the GH model
[63] showed a much reduced signal. It was here pointed out that one reason for the difference is
the effect of W polarization, which was neglected in ref. [53]. Recent studies [65] confirm that
the polarization is important; it reduces the signal by roughly a factor of 2 compared to the
original results. However, although significantly reduced, a clear signal for reconnection effects
is still visible in [65]; this appears to be larger than the result obtained in ref. [63].

Following the prescription of [53], the central multiplicity is defined as the number of parti-
cles, n, observed within a given rapidity interval. In order to quantify the level at which colour

195

reconnection could be observed, the sensitivity at a given multiplicity, n, is defined as [63]:

L i = l
(47)

where Nm(i) and JVnOrm(0 are the number of events in the reconnected and normal event sam-
ples having a central multiplicity i, respectively. The sensitivities given in Table 15 are obtained
assuming that 3 000 four quark events have been observed, that is about what is expected from
the nominal luminosity of 500 pb"1, by scaling the sensitivities from samples of 50 000 generated
events by J3 000/50 000. If the results of the four experiments are combined, the statistical
significance will double. With such statistics a tentative conclusion from the models so far
studied is that reconnection effects could be observed down to 25-30%, corresponding to a Zcr
effect. A smaller integrated luminosity is not very encouraging at an energy of 175 GeV. It
should also be remembered that the significance level is based on an assumed perfect knowledge
on the no-reconnection multiplicity distribution; an entirely experimental procedure based on
a comparison with mixed leptonic-hadronic events would have a smaller sensitivity.

A reconnection probability of 30% could induce a systematic effect of about 50 MeV on
the W mass measurement using the four-jet method, which is of the same order as the total
measurement error expected in this mode for all four LEP experiments combined. This mass
shift is found to depend upon the model used and may be larger than estimated above. The
uncertainty is further increased by other reconnection sources, including perturbative intercon-
nection, interplay between perturbative and non-perturbative effects [52], virtual effects, and
so on. The 50 MeV number above is therefore to be viewed as a realistic uncertainty.

It is also interesting to study event topologies at LEP1. For instance, a qggq event is nor-
mally expected to have the partons ordered along a single string, but an alternative subdivision
into a qq and a gg singlet is possible. Such "reconnection" phenomena (though not quite of
the same character as the ones we worry about for the W mass issue) could give rapidity gaps
in events where the quark and antiquark are tagged to lie in the same hemisphere with re-
spect to the thrust axis [66, 63]- Generic event shapes presumably cannot lead to any definite
conclusions; in part, the information on event shapes is used to tune generators in the first
place. If a properly tuned generator with "reconnection" included could perform as well as
the conventional ones, it would provide indications that a given approach is not unreasonable.
Models including "reconnection" which do not, even with appropriate retuning, describe the
data are less useful. A recent retuning of ARIADNE with "reconnection" by DELPHI [67] shows
that the quality of the description of LEP1 data can even be improved. However, it may be
entirely fortuitous.

4.3 Bose-Einstein Effects

Since the hadronization regions of the W+ and W~ overlap, it is natural to assume that some
coherence effects are present between identical low-momentum bosons stemming from different
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W's due to Bose-Einstein (BE) correlations. How much such effects would influence the W
mass measurement is difficult to answer. Intuitively, since the BE effect favours production of
identical bosons close in phase-space, one would expect the softest particles from each W to
be "dragged" closer to each other. This reduces the momentum of the W's and thus increases
the measured W mass. However, most of our understanding of the details of multi-particle
production comes from probabilistic hadronization models where BE correlations are absent.
Only a few attempts have been made to include such effects and to investigate their influence
on the W mass measurement.

One such attempt [54] used an algorithm (LUBOEI) implemented in the JETSET. This
algorithm is based on the assumptions that BE effects are local in phase space and do not
alter the event multiplicity. (Notice that any effects on the multiplicity are already, at least
partially, accounted for by the tuning of the generators to data.) A re-weighting of events with
a BE factor is then equivalent, in some approximation, to letting the momenta of the bosons
produced in the hadronization be shifted somewhat, e.g. to reproduce the difference in two-
particle correlation functions expected for a source with Gaussian distribution in space—time,

^ g p l + AexpHW. (48)

Here R is the source radius and A is an incoherence parameter. CBB{Q) and Cn<>BE(Q) are the
two-particle correlations as functions of relative four-momenta in a world with and one without
BE effects, respectively. This is a well-defined generator procedure but, since it is not possible
to switch off BE in the data, the main challenge of experimental BE studies is to define an
appropriate no-BE reference sample. With this algorithm, the observed correlations at LEP are
reproduced using A « 1 and R m 0.5 fm [68]. One problem with this algorithm is that it does
not inherently conserve energy and momentum. This has to be done separately by rescaling
all momenta in an event. Therefore, when this algorithm is used or W+W~ events, identical
bosons within each W are shifted closer to each other in phase space resulting in an artificial
negative shift in the measured W mass even if there is no cross-talk between the W's. In Ref.
[54] this artificial shift was corrected for and an estimate for the true shift in the measured W
mass was obtained. The result was (AMw) « 100 MeV for 170 GeV center of mass energy.
This shift increases with energy and decreasing source radius.

A variation of this algorithm has been investigated [60], where not only the momenta of
identical particles are shifted closer to each other, but also non-identical particles are shifted
away from each other, so that the ratio of correlation functions of identical and non-identical
particles is the same as with the original algorithm. In this way, the energy-momentum non-
conservation can be made much smaller, minimizing possible dependence on the correction
procedure. The shift in the W mass is in this case smaller, around 30 MeV. But modifying the
algorithm slightly, not allowing the shifting of non-identical bosons from different W's, again
gives a mass shift around 100 MeV.

In both these cases the shift was calculated on the generator level, assuming that the origin
of each particle was known. It is clear that an experimentally feasible reconstruction algorithm
may be more or less sensitive to these BE effects.
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Another attempt to estimate the influence of BE correlations on the W mass measurement
was based on a simplified toy model of W decays, in which only decays into two or three
particles were considered [61]. Each of the two W's was treated as a scalar, decaying into
a heavy particle and one or two pions, according to a relativistic Breit-Wigner. The decay
amplitudes can thus be written down explicitly, with and without symmetrization with respect
to exchange of the pions. This allowed the generation of such low-multiplicity events, each with
two weights corresponding to the symmetrized and non-symmetrized cases, respectively, and
thus the study of the effect on the reconstructed W mass. The mass of the heavy particle in
the model was chosen to correspond roughly to the total mass of the hadronic decay products
of a W boson with one or two pions removed, i.e. 75-79 GeV.

The model calculations confirm that substantial shifts of the W mass due to the BE sym-
metrization can occur, and also suggests that the magnitude of the effect can depend signifi-
cantly on the precise way in which the W mass is reconstructed from the data. In the particular
case studied, the peak position of the mass distribution was less sensitive to the BE effect than
the average mass. The interpretation was hampered by severe threshold effects, however, and it
is in any case not clear how to draw quantitative conclusions valid for the multi-particle decays
that form the bulk of real hadronic W decays.

At our present level of understanding, effects of BE correlations on the W-mass measure-
ment of the order of 100 MeV cannot be excluded, though this number may be viewed as a
"worst case" estimate. Much more work is needed to develop realistic models and to study the
sensitivity of different reconstruction algorithms. It may also be possible to find signals, e.g. by
studying the two-particle correlation function using only pairs where the particles come from
different reconstructed W's, that could enable us to deduce from data the magnitude of the
effect.

4.4 Summary and Outlook

Several activities are under way, especially on the experimental front, so it would be premature
to draw any definite conclusions. However, it is not excluded that interconnection and Bose-
Einstein effects could each contribute a 50 MeV mass shift in the hadronic W+W~ decay
channel. Most interconnection models predict a positive mass shift, but we know of no general
argument why it would have to be so. Furthermore, not all possible interconnection effects
have been studied so far. In contrast, a positive mass shift from BE effects appears plausible
on general grounds.

In spite of the bias towards positive shifts, the conservative approach would be to quote a
symmetric "theory uncertainty" of the order of ±100 MeV. This is to be viewed as some sort
of theorist's Iff error, that is, larger numbers can not be excluded but are less likely. The value
above refers to studies at 175 GeV. The energy dependence has not yet been well studied, but
indications are that the uncertainty is not smaller even at the maximum LEP2 energy. We note
here that the interconnection phenomena are not expected to die out rapidly with increasing
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energy [52], since the W resonance is so wide that the two W decays appear "on top of each
other", in terms of hadronic distance scales, over the full LEP2 energy range.

Interconnection effects might be found in the data itself, at LEP2 or even by a careful
analysis of LEP1 data. If so, it would be very interesting. However, a non-discovery would
not prove non-existence: so far, we have failed to find realistic signals for some of the current
approaches. We could only hope to exclude some extreme scenarios with large values of the
reconnection probability. Conversely, at our present level of understanding, a discovery would
not guarantee a unique recipe for how to "correct" the data. This is illustrated by BE effects,
where it should be fairly straightforward to observe cross-talk at LEP2 in principle, but where
statistics presumably will not allow a sufficiently precise investigation for the effects on the
measured W mass to be well defined.

At the end of this workshop, another model of interconnections appeared [69], with which
its authors find mass shifts of up to several hundred MeV, i.e. more than observed in previous
studies. This exemplifies the need for continued theoretical and experimental activity in the
field to better understand the issues. However, in view of the well-known complexity of hadronic
final states, it would be unrealistic to expect these studies to give any simple answers. Monte
Carlo models are all we have so far, and may be the best we can get in the foreseeable future.
Therefore the main conclusion is clear: one cannot blindly average W mass results in the
hadronic W+W~ channel with numbers obtained elsewhere.

5 Conclusions

The goal of AMw < O(50) GeV appears to be achievable at LEP2. The 'worst-case' scenario,
in which only the qq/f channel is used in the direct reconstruction method because of colour
reconnection in the qqqq channel (see below), gives a total estimated error of AMw = 44 MeV,
assuming four experiments each collecting 500 pb"1 at ^/s = 175 GeV.

Two methods have been studied in detail. A precise measurement of the e+e~ —* W+W~
threshold cross section can be compared to the theoretical prediction as a function of Afw,
see Fig. 6. The maximum statistical power is obtained by running the collider at an optimal
energy (>/*)""" - 2Afw + 0.5 GeV ~ 161 GeV. All three decay channels (qqqq, qqlv and Ivlv)
can be used, and the total estimated errors are listed in Table 9. Some marginal improvement
in the systematic error can be expected, but ultimately the measurement is statistics limited.
An integrated luminosity of at least 50 pb"1 per experiment is required to obtain a precision
comparable to that expected from the combined Fermilab Tevatron experiments. The total error
using the threshold cross-section method for four experiments each with 50 pb"1 is estimated
to be 108 MeV.

One very attractive feature of the threshold measurement is that it appears to fit in very
well with the anticipated LEP2 machine schedule, viz. a run of at least 25 pb"1 luminosity at
s/s = 161 GeV in 1996 followed by the bulk of the luminosity at higher energy.

199

1«V

140

120

00

00

w

40

[L-5tN

+

t

•

dim* m»<

ihrabofd
croif Kctk

*

0

•

• *m

• m •

•

*

•

Figure 14: Collider energy dependence of the statistical errors.

The direct reconstruction method, in which A/w is reconstructed from the invariant
mass of the W* decay products, appears to offer the highest precision. The statistical and sys-
tematic errors are summarised in Table 13. More work is needed to investigate different fitting
procedures, different fragmentation parameters etc., and this may lead to small but important
reductions in the errors. The major outstanding problem concerns the issues of colour reconnec-
tion, i.e. non-perturbative strong interactions between the decay products of two hadronically
decaying W bosons which may significantly distort the invariant mass distributions. This ques-
tion is currently receiving much attention, but at this time it is impossible to say whether the
problem can be completely overcome. At best, one may eventually hope to demonstrate that
the effect on the reconstructed Mw value is either small or under theoretical control, so that
the results from the qqqq and qqlv channels can be combined. At worst, the precise magnitude
of the colour reconnection effect may remain unknown, with different models giving different
mass shifts larger or comparable to the remaining systematic and statistical errors. We have
therefore chosen to present results both for the qq/f channel only (where colour reconnection
is absent) and for the two channels combined. The estimated total errors are 44 MeV and
34 MeV respectively, for 500 pb"1 luminosity for each experiment at •y/J = 175 GeV.
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The collider energy dependence of the direct reconstruction measurement has also been
studied. The results are summarised in Fig. 14. There is clearly a 'blind window' between
161 GeV and 170 GeV where a precision measurement of My/ is impossible. In this window the
threshold cross section method loses sensitivity to Mw, and the direct reconstruction method
has insufficient statistics.

Increasing the LEP2 energy from 175 GeV to 192 GeV has an essentially neutral effect on
the measurement of My/. Most of the anticipated errors, in both the qqqq and qqlv channels,
appear to be approximately energy independent.5 Two important energy-dependent systematic
errors, which are common to all experiments and both decay channels, are from initial state
radiation and from beam energy calibration. Both are expected to increase slightly with energy,
although the overall effect is marginal.
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1 Introduction

While the energy increase of LEP will enable pair production of W's and might open up the
threshold for new particles, notably the Higgs boson, a host of standard model processes will
also show up, as shown in Fig. 1.

1 0 0 120 1 4 0 1 6 0 180 220 240

Vs(GeV)
Figure 1: Gross sections for some typical standard model processes.
For e+e" —> e+e" Z,eueW,veveZ only the dominant t-channel contribution is shown. The
photons in Zf and 77 are such that \ cose7 | < 0.9. For v^v^f there is the additional cut
£ , >10GeV. In Z77, W+W~i and ZZ~/ the photon cut is p}. > WGeV and all particles are
separated with opening angles: eV > 15°, VV' > 10°; V = W,Z,f.

Some of these processes can be considered as potential backgrounds to those most interesting
signals LEP2 intends to investigate. For instance, there are four-fermion processes that cannot
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be associated with the doubly-resonant WW production or with the Higgs-boson production.
Therefore, it is essential to know as precisely as possible the expected yield for these processes.
Quark- and lepton-pair production will be dominant reactions at LEP2 and can be exploited
for precision tests in this new energy range. Moreover, starting below the threshold for W
pair production one sees that other processes will take place, like for instance single Z and
W production. Beyond the WW threshold, one can envisage Z-pair production or even triple
vector-boson production, like WWf, which involves the quartic vector couplings.
The aim of the Working Group has therefore been to provide as precise an evaluation as possible
of all those processes that were not investigated within the WW cross sections and distributions,
the Mw or the Higgs groups in this Workshop, and which did not deal specifically with QCD
issues. The other objective was to indicate, like in the case of two-fermion and single-photon
processes, which interesting physics issues could be investigated.

2 Two-Fermion Production
2.1 General considerations, LEP2 vs LEPl
Quark- and lepton-pair production at LEPl (and SLC) has provided one of the most stringent
tests on the Standard Model (SM) of electroweak interactions. It has also either constrained
or ruled out some alternative models, especially through their virtual indirect effects. At LEP2
energies, this process still remains one of the dominant processes. For instance, as evidenced
from Fig. 1, quark pair production has a larger cross section than the WW process, the bread
and butter of LEP2, and even larger after the inclusion of the initial state radiation (ISR).
In view of this expected wealth of events, it is worth enquiring if the characteristics of the
two-fermion observables will continue to be conducive to further tests of the SM and beyond.
One important observation, however, is that, as one moves away from the Z-peak, not only
fermion-pair production drops precipitously, but also the photon exchange becomes very im-
portant. The latter dominates the cross section for up-type quarks and even more so for fi^fi~,
see Fig. 2. In particular, at y/s = MhGeV one has <rz/fr7 ~ 0.27,0.68,3.52,1.44 for fi,u,d and
hadrons respectively. Another critical fact is the very large "correction" due to initial-state
radiation (QED). Above ~ lOOGeV this more than doubles the muon Born cross section, as
displayed in Fig. 2. Therefore, it is essential that these corrections be controlled very precisely.
At LEPl the latter were also very important, leading to a ~ 74% reduction factor of the peak
cross section, and were essentially due to soft-photon emission, while hard radiation (energetic
collinear photons) was inhibited. Indeed, around the resonance Tz acts as a natural cut-off for
hard radiation. On the other hand, away from the Z-peak, the fast decrease of the cross section
favours the radiation of hard photons that boost the effective two-fermion centre-of-mass energy
back to the Z mass: this is the so-called Z return. Therefore, if for the inclusive two-fermion
cross section one looks at the invariant mass of the fermion pairs, rriff = \fs' = y/sx, one sees
that a large sample is clustered around m,jj ~ Mz- The effect is quite dramatic for crq9 where,
at y/s = 180GeF, about 70% of the events are "LEPl-type pairs", as one can see from Fig. 3.

Still, considering the canonical integrated LEP2 luminosity (SOOpfc"1), one expects to measure
the various two-fermion observables with a good precision (even after discarding the Z-return
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Figure 2: The e+e" ->
included according to [1].

u~ cross section before and after the ISR convolution. ISR is

events) especially if one combines the 4 experiments. For instance, at y/s = 175GeV, the
expected experimental precision on the muon cross section is about 1.3%, while for the hadronic*
one expects 0.7% [2]. The corresponding error for the forward-backward asymmetry of muons is
AAjrB ~ 0.01 [2]. Note that this asymmetry is much larger than at LEP1. Another interesting
observable is Rb, with an expected overall accuracy of about 2.5% [3]. These numbers should
serve as benchmarks for the required accuracy on the theoretical calculations, eth . One should
aim, at least, at a theoretical precision below half the values quoted above. For instance, for
o-h one needs 4 h < 0.3%.

2.2 Radiative corrections and status of tuned comparisons
Although there have been many exhaustive studies of two-fermion final states and many pro-
grams have been successfully tested, the comparisons among these programs have been per-
formed and optimized for energies around the Z peak. For a very recent state-of-the-art in-
vestigation see [4], where the main emphasis was put on the expected theoretical accuracy,
assessed by comparing different codes with different implementations of the radiative correc-
tions. However, as for the case of ISR pointed at earlier, a few characteristics of the two-fermion
cross-sections are modified and new aspects appear when going to higher energies.
In order to address the issue of the status and the perspectives of tuned comparisons for
e+e~ —+ / / processes at LEP2 energies, it is worth reviewing the various building blocks for
computing observables related to the process e+e" —* ff. We have:

'Here the WW events add as "backgrounds" that necessitate extra cuts.
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Figure 3: The invariant mass distribution of the hadrons at a centre-of-mass energy of 180GeV
before (solid) and after (dashed) cuts. The cuts reject an event if an isolated high energy photon
is seen in the detector; if not the acollinearity of the two jets has to be less than 20° and the
observed invariant mass larger than 0.4^/s. The inlet is a blow-up (logarithmic scale) showing
what remains of the Z return events after cuts.

a) Pure electroweak corrections for the (kernel) deconvoluted distributions, including weak
boxes (WW and ZZ internal lines). The latter were neglected at LEP1 energies since
their relative contribution was of order 10~4.

b) Final state (FS) QED and QCD corrections.

c) Initial state (IS) QED radiation.

d) IS lepton- and quark-pair production (PP).

e) Initial-final (IF) QED interference.

The result of the implementation of each block is to be compared between different codes
before a global comparison, which incorporates all the parts, is made. This not only avoids
eventual accidental cancellations, but also brings out the relative contribution of the various
"ingredients" entering in the totally convoluted "realistic observables". Within the study group,
issue a) (deconvoluted observables) has been investigated by comparing the results of three codes
based on different approaches for the implementation of the kernel: TOPAZO [5] f, WOH [7]

'Note that TOPAZO has been particularly designed to tun around the Z resonance and it is not optimized
for much higher energies. For the LEP2 study, TOPAZO has been modified by upgrading the radiator function
according to ref. [6] and including the contribution from weak boxes.
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and ZFITTER [8]. TOPAZO results have been computed in the 't Hooft-Feynman gauge, £ = 1,
and within the MS scheme, WOH has also £ = 1 but on shell (OS) renormalization scheme
(RS) and, finally, ZFITTER works in the unitary gauge and in the OS RS. All three codes have
adopted the input parameters:

Mz = 91.1884 GeV, mt = 175GeV,
mH = 300GeV, a.{Mz) = 0.123, a"1 (Mz ) = 128.896 (1)

A complete comparison incorporating all a)-e) (realistic observables) has been restricted to
TOPAZO (T) vs ZFITTER (Z) and covered a sample of six energies: the Z mass (in order to
establish a link with the LEP1 calculations) and six LEP 2 energies, i.e. 140,150,161,175,190,
205 GeV.

Because of the critical issue of the hard radiation at LEP2 energies and since both (T) and
(Z) now apply the same QED radiator function for the total cross section, issue c) has been
independently investigated by the Pavia group [9].

• Pure Electroweak Corrections: effective couplings and the box problem
The genuine electroweak corrections are by far the most interesting aspect of the two-fermion
observables. Indirect virtual effects of new physics can also mimic these corrections. Hence,
one needs to verify whether the strategies and approximations applied at the Z peak are still
at work. For example, a question related to the actual implementation of higher-order correc-
tions is connected with the attempt of parametrizing physical observables in terms of 'running'
effective couplings. This language of effective couplings, which has been so successful at LEP1,
is deeply related to some factorization scheme that must be rediscussed at higher energies (for
instance, weak boxes were neglected at LEP1). This language reduces the computational com-
plexity, and does not introduce any t-dependence in the amplitudes, leading to a most useful
and successful parametrization in terms of effective (^-dependent) vector and axial-vector cou-
plings. Unfortunately, at LEP2 energies one expects the boxes to start resonating due to the
WW (and, to a lesser extent, ZZ) thresholds. Moreover, as can be inferred from a cut across
these boxes which reveals the e+e~ —* W+W~ t-channel exchange, the box contribution is not
gauge invariant; in the same way that the £-channel for e+e~ —» W^+W~ is not unitary.
To quantify the effect of boxes one should first address some theoretical considerations about
gauge invariance and give a procedure for isolating the effect of the weak boxes. It is well
known that only a proper arrangement of the radiative corrections to e+e~ —* / / , including
all contributions up to a given order, is gauge invariant. Every procedure designed for sub-
tracting some part from the whole answer, for instance deconvolution of QED radiation, must
respect gauge invariance. Formally, one writes the amplitude in terms of full 1PI vector-boson
self-energies, initial(final) vertex corrections and multiparticle exchange diagrams. Next, the
complex pole is derived in terms of the bare Lagrangian and, after a Laurent expansion, we end
up with the pole, the residue at the pole and the non-resonating background (that encapsulates
the t-dependence of the two-fermion amplitude), each of which is separately gauge invariant. It
turns out that at LEP2 energies the non-resonating background (to which the boxes contribute)
is not negligible. This is an unambiguous manifestation of the importance of the boxes.
Instead of using the complex pole formalism, which is difficult to implement in the codes, the
effect of the boxes in the comparison has been handled by agreeing on a procedure for "ex-
tracting" the WW exchange box diagram. Schematically, this diagram is denoted by Bww{£)
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as computed in a general R( gauge. It may be split, non-uniquely though, according to

Bww(0 = Bww(l) + (e - l) A(0 = Bww(to) + A(Uo) (2)

When working in the R( gauge, we can incorporate A into the rest of the amplitude, which is
^-dependent, and compute explicitly the WW box diagram in any (o gauge. This approach is
gauge invariant but not unique, especially when different procedures are adopted like keeping
the weak boxes outside the QED convolution or performing re-summations. At this point we
can adopt two different strategies. On the one hand, one can use the ZFITTER prescription
of including the weak boxes into the form-factors. These then become explicit functions of the
scattering angle. On the other hand, for comparison purposes, a proposal for "de-boxization"
has been made. As one presents results for QED deconvoluted quantities, we could also subtract
weak boxes from the data with few simple rules:

i It was agreed to substract Bww(£ = 1). At LEP1 this contribution can be neglected, its
relative effect being of order 10~4.

ii those who work in the £ = 1 gauge stop here,

iti those who work in any £0 gauge compensate the rest of the amplitude with A(£o> !)•

The effect of weak boxes (as defined above) is studied on the deconvoluted observables
(i.e. before the inclusion of any IS and FS radiation) through the quantity 5B:

8B = where = cr0 + (3)

and <r0 is the corrected cross section but without the inclusion of boxes.
First, for e+e~ ~* piL,dd,uu TOPAZO and ZFITTER are found to agree extremely well from
s/s = Mz up to LEP2 energies, including the region around the WW threshold. The relative
discrepancy is well below the per-mil level for both fi and u and at worst 1.3 per-mil for d. There
is some minor (in view of the expected experimental accuracy) disagreement with WOH(M^):
\6(W - T)l < 0.3% , \S(W - T)\u < 0.5% , \8{W - T)\d < 0.7%.
An important result, already pointed at, is that the effect of weak boxes is not negligible
(a few per-cent in terms of 8B) especially around the WW threshold and at the highest LEP2
energies. For instance, at 205 GeV, 6B for the p, d,u channels is —1.1%(—1.2%), -2.2%(-2.6%),
-3.4%(-4.1%) for TOPAZ0/ZFITTER(WOH). The results for the other energies are displayed
in Table 1. This table also shows the effect of the boxes for cr& and oWron»- For these two
observables the comparison only involves TOPAZO and ZFITTER.

Comparisons of the results for <r& reveals a discrepancy between TOPAZO and ZFITTER
which attains ~ 2% at s/l — 161GeF and 205GeV while the agreement for d is excellent.
Looking in more detail, one sees that ZFITTER gives almost exactly the same 8B for both d
and 6. It should be remarked that, in ZFITTER (but not TOPAZO) the top mass is neglected
in the boxes. The TOPAZO results suggest that the inclusion of the mass decreases the relative
effect of the box, as one would naively expect. This disagreement is in fact another indication
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ECM
(GeV)

Mz
100
140
150
161
175
190
205

+0.00
-0.59
+0.09
+1.79
+11.75
+2.02
-5.29
-10.53

-0.01
-3.56

-11.09
-10.00
+3.52
-12.64
-25.25
-34.89

ZFITTER

<T"

0.00
-0.50
+1.02
+4.32
+24.63
+5.10
-10.48
-22.38

<r*
0.00
-0.51
+0.94
+4.36
+24.90
+5.14
-10.60
-22.56

<r"
+0.00
-1.59
-4.71
-2.59

+14.16
-3.94
-18.12
-28.95

<r»
+0.00
-0.59
+0.07
+1.81
+11.81
+1.84
-5.58
-10.95

+0.00
-3.33
-10.69
-9.58
+3.37
-12.37
-24.69
-34.11

TOPAZ0

a"
-0.01
-0.40
+0.84
+4.09
+23.38
+4.67
-10.25
-21.66

<r»
0.00
-0.51
+0.00
+0.51
+3.86
+0.80
-2.30
-5.18

<rh

0.00
-1.41
-4.66
-3.10

+10.17
-4.29
-16.45
-25.60

Table 1: The effect (in per-mil) of Weak Boxes, SB, on a*, o~", a*, crb and o-* before convolution.

of the special role played by the b observables, a result reminiscent of the Z —* bb ed LEPl and
the top connection. Note, however, that the 6-box result does not have the same conceptual
importance as the Zbb vertex in the sense of the non-decoupling of the heavy top (or equivalently
the contribution of the Goldstone Bosons). Anyhow, this disagreement largely gets diluted and
disappears when considering the total hadronic cross section. For the hadrons, the largest
difference in SB (about 0.4%) shows up around the WW threshold where the effect of the boxes
is about 1%. The contribution of the boxes to o~h is larger at 190GeV and 205GeV, reaching
about 2%.
Concluding on the effect of boxes and the comparison between the genuine weak corrections, we
mention that the effect of boxes on the forward-backward asymmetry for muons is well below
0.01 and that TOPAZ0 and ZFITTER have been checked to agree perfectly for this observable.

Once one has subtracted the effect of the boxes, the remaining building block of the genuine
electroweak corrections are essentially those one has dealt with at length at LEPl (apart from
the fact that these are now evaluated at k2 j= Af|). It is then worth inquiring about what
one can learn from these "properly defined" observables that one has not from LEPl. In fact,
one could further subtract the k2 = Aff part and express the LEP2 observables in terms of
the corresponding LEPl quantities as suggested in [10]. The LEPl observables were powerful
enough in the sense that heavy particles, like the top, did not decouple, therefore allowing
to put stringent limits on (or even ruling out) models beyond the SM • Unfortunately, after
isolating the LEPl observables, the remaining k2 functions do not show much sensitivity to
heavy particles, unless one is not far from their threshold. A most interesting topic concerning
the k2 dependence is the extraction of the running of <*„„. If this could be done unambiguously,
in a gauge-invariant way, one might hope to measure the non-Abelian contribution to the
running that exhibits anti-screening and which, at high-energy, slows down the growing of
aem. It has been suggested to exploit the pinch technique [11], but more work related to this
important issue is still needed.

• ISR: Pure QED radiation
We have already stressed the qualitative difference between initial state radiation at LEPl

vs LEP2 energies. Because of this important difference and the overwhelming effect of this
"correction" (see Fig. 1 and Fig. 2), it is crucial to reassess the implementations of the ISR
and then see how the convoluted "realistic" observables compare in different codes. This is
most conveniently done by convoluting the weakly-corrected cross section 0-^ (see Eq. 3) with
a radiator function, G(x = s'/s), that encapsulates the results of the QED corrections (virtual
corrections and real radiation)

T(J) = dx / ) G{x) (4)

For a fully extrapolated set-up, x^ = 4mJ/s. To cut the "Z-return" at LEP2, one may take
*cut > 0.5.

Clearly the O(a) result in G(x) is not sufficient. The O(a2) has been computed exactly[6]
while one can resum (at least) the soft photons to all orders. This resummation is important
especially for LEPl, and introduces an "exponentiation scheme ambiguity". A typical scheme,
or parametrization for G(x), after soft-photon resummation, is

G(x) = /? ( ! + SH(X), = 2 - ( I - 1) L = log - j (5)

where Ss+v can be associated to the virtual and soft (bremsstrahlung) corrections while the
additive Sg is due to the hard-photon radiation (added linearly here). The large corrections
are due to the "collinear logs" and formally one may write

= £ (-) £ S«L1 sH(x) = £ (?) E iM«)J'
n=0 V 7 r / .=0 n=l V 7 r / i=0

(6)

All schemes reproduce the leading logs, LL (i.e. Snn, Hnn) up to some order n. For LEPl, n - 2
is sufficient. However, not all schemes reproduce even the exact O(a2) result. This difference is
reflected essentially in the hard part and explains why schemes and codes (reproducing only the
leading logs) that agree perfectly at LEPl energies, no longer do so away from the resonance.
Thus, TOPAZ0 has partly upgraded its radiator to reproduce the exact O(a2) result. Using the
definitions set in ref. [12], both TOPAZ0 and ZFITTER use now a radiator function of type GA

(i.e. of the same kind as in Eq. 5). GA includes the complete O(a2) corrections computed in [6].

One also expects that different parametrizations of the hard part affect mainly the inclusive
cross section, while if a large Xcut value is imposed, that cuts away the hard radiation, the
difference between the two schemes gets substantially smaller. To quantify the impact of the
hard radiation terms and make a comparison with the situation at LEPl, the effect of the
order O(a3) LL versus the O(a2) (LL also) has been investigated in the case of (TMM. The
implementation of the LL is most easily and conveniently done within the framework of the
QED structure-function approach. The cross section obtained with a standard (LEPl) additive
structure function with up to second-order hard contributions (0-^2) is compared against a non-
singlet additive structure function inclusive of up to third-order hard-photon effects [13, 14]

Applied to LEPl the relative contribution of the latter is below 10~4. Figure 4 clearly
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Figure 4: The relative effect of the third-order leading log hard corrections on tr^ as a function
of the cut on the invariant mass. Four LEP2 energies are considered.

illustrates the points raised above [9]. While a stringent
effects completely negligible (below 10"4), for loose cuts «„
lies in the range (0.1-0.4)% .

cut > 0.5 makes the higher-order
< 0.3 (inclusive set-up) the effect

While ZFITTER and TOPAZO use the same radiator function for the total cross section,
only ZFITTER implements the leading-log correction to the forward-backward asymmetry
as given in [15]. The latter involves a "non-symmetric "(i.e. it would vanish upon angular
integration) O(a2L2) contribution. This might be responsible for a tiny difference in ArB. The
comparison between TOPAZO and ZFITTER for the purely photonic convolution has been
made with two values of s': the first corresponding to an inclusive set-up with s' > 0.015 s and
the second to a loose cut on «': s' > 0.5 s. In this first comparison about the effect of ISR,
the contribution of the boxes discussed above is switched off. The results are displayed for the
muon and hadronic cross sections, as well as the forward-backward asymmetry, in Table 2. For
<rw in the inclusive set-up, there is excellent agreement for all the energies considered with an
almost constant relative deviation of about 3 per-mil. With a more stringent cut the agreement
is further improved and almost reaches the accuracy achieved at LEP1. As for ApB, the cut has
little effect on the absolute deviation which never exceeds 0.006 and is thus very satisfactory.
For the hadronic cross section, the worst deviation occurs at the WW threshold, attaining 7
per-mil in the inclusive set-up, but is reduced by an order of magnitude when the s' cut is
applied. This table also shows the large reduction in the event sample when the stricter cuts
are applied, hence getting rid of the Z-return, as we discussed above.

• IS Pair Production (PP)
A consistent treatment of initial state radiation at O(a2) should include the radiation of ad-
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Em (GeV)
91.1884

140

150

161

175

190

205

s' > 0.015 s
<r"(pb)
1477.8
1477.5
0.20

16.924
16.879
2.67

13.676
13.636
2.93

11.085
11.046
3.53

9.0385
9.0118
2.96

7.4763
7.4545
2.92

6.3184
6.2989
3.10

<r"(pb)
30442
30444
-0.07

243.49
243.30
0.78

189.70
189.70
0.00

148.33
149.00
-4.50
118.10
118.15
-0.42

95.922
95.633
3.02

80.021
79.459
7.07

A»B
-0.12891 xlO"2

-0.14298 xlO"2

0.013
0.29892
0.29787

1.05
0.29608
0.29659

-0.51
0.28855
0.29436

-5.81
0.28826
0.29194

-3.68
0.28720
0.28982

-2.62
0.28564
0.28811

-2.47

s'>0.5s
(T"(p6)
1444.5
1445.8
-0.90

7.4449
7.4380
0.93

5.9608
5.9556
0.87

4.8799
4.8728

1.46
4.0189
4.0152
0.92

3.3516
3.3494
0.66

2.8479
2.8465

0.49

°\pb)
30320
30326
-0.20

73.302
73.214
1.20

52.284
52.224

1.15
39.325
39.351
-0.66

30.521
30.467

1.77
24.394
24.304
3.70

20.119
20.014
5.25

-0.10435 xlO"2

-0.11169X10"2

0.07
0.67141
0.67705

-5.64
0.64787
0.65244

-4.57
0.62009
0.62396

-3.87
0.59394
0.59749

-3.55
0.57297
0.57635

-3.38
0.55717
0.56043

-3.26

Table 2: Comparing the results of the ISR convolution with boxes switched off. Two configu-
rations are considered: s' > 0.015 s and s' > 0.5 s. The first row is ZFITTER and the second
one is TOPAZO. The third row is the relative deviation (in per-mil) for the cross sections and
fl03x^ the absolute deviation for the forward-backward asymmetry.

ditional fermion pairs which also appear as a virtual correction at the two-loop level. Both
TOPAZO and ZFITTER have used the available results at O(a2) of the KKKS formulation [16].
This takes into account soft pair radiation with all events radiated up to some energy A < , /J
and hard-pair radiation

£' + <*,

ds'
t

9 dqH$' '
= / ' '•/•*i

The formula in Eq.7 involves two parameters A and zmjn. The unnatural appearance of the
infrared separator A makes questionable the exponentiation of soft pairs. In [17], an expo-
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nentiated result is given which is valid for leptons. No analogous treatment is available for
hadrons, where the O(a2) result must be corrected for numerically when considering in addi-
tion IS photon radiation. No effort at all has been made so far in order to 'adapt' TOPAZO
and ZFITTER for the treatment of radiated high-energy pairs. Both TOPAZO and ZFITTER
do not exponentiate the "soft pairs" and o-pair is added linearly to the cross section. There is
also the so-called zmin problem [16]. IS PP has been successfully compared around the Z reso-
nance for various values of this parameter, and finally the default has been set to Zmin = 0.25.
This corresponds to an experimental selection of Z decays where the invariant mass of the Z
products is at least 50% of the total and the soft-hard separator A has been fixed in the region
where we see a plateau of stability. However, above the WW threshold the four fermion chan-
nel becomes competitive and one must establish a clear separation between real four-fermion
events (see the section on four-fermion production below) and IS pair-production corrections
to two fermion events. It looks plausible to include into the corrections for two-fermion events
only very soft leptonic and hadronic pairs, i.e. something like zmin = 0.5,0.6 corresponding to
70.7% or 77.5% of y/s at y/a = 200 GeV. For the following comparisons, zmin = 0.5 has been
chosen.
The effect of pure photonic and pair-production initial state radiation on cr^ is displayed in
Table 3 in terms of the relative contribution of the "pairs", Sp. Although IS PP is very small

Ecm (GeV)
91.1884

100
140
150
161
175
190
205

ZFITTER
-2.57
+4.41
-2.95
-3.43
-3.58
-3.90
-4.10
-4.27

TOPAZO
-2.50
+4.96
-0.59
-0.80
-0.90
-0.97
-1.03
-1.07

Table 3: The effect (in per-mil) of IS pair production, Sp, on am vrith a cut s' > 0.015 s and
zmin = 0.5. The first column is ZFITTER, the second is TOPAZO.

(a few per-mil), we observe a much less satisfactory agreement between the two codes. With a
zm»n = 0.5 cut the agreement ZFITTER/TOPAZ0 is remarkable up to the maximum positive
contribution, which happens to be around 100 GeV, after which there is a consistent difference
of about 0.2 — 0.3%. Incidentally, for the inclusive o-^, this is of the same order as the dis-
crepancy between the two codes when the IS PP is switched off (see Table 2), with the result
that the two effects largely cancel. Inclusion of pair production at high energies requires more
theoretical work.

• IF QED interference
Although the formulations in TOPAZO and ZFITTER are totally independent, the IF QED
interference has been tested successfully over the whole range of energies.

• Global comparisons and realistic observables.
For the global comparisons, all the ingredients listed above are included simultaneously. It
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£ „ (GeV)
91.1884

100

140

150

161

175

190

205

<T»(Pb)

1440.9
1442.2
-0.90
110.47
110.32
1.36

7.5227
7.5147
1.06

6.0413
6.0347
1.09

4.9973
4.9883
1.80

4.0789
4.0737
1.28

3.3782
3.3747
1.04

2.8561
2.8535
0.91

30243
30249
-0.20

2172.1
2169.5
+1.20
72.837
73.108
-3.71

51.909
52.157
-4.75

39.591
39.748
-3.95

30.182
30.363
-5.96

23.771
23.950
-7.47

19.383
19.548
-8.44

Alt

-0.06278 xlO"2

-0.07646 xlO"2

0.14
0.25148
0.25202

-0.54
0.67444
0.68313

-8.69
0.65176
0.65933

-7.57
0.62250
0.62937

-6.87
0.59910
0.60559

-6.49
0.57940
0.58565

-6.25
0.56462
0.57071

-6.09

Table 4: Overall comparison with a cut s' > 0.5 s and zmin = 0.50 The first entry is ZFITTER,
the second one is TOPAZO. The third entry is the relative deviation (in per-mil) for the cross
sections and (103x) the absolute deviation for the forward-backward asymmetry.

should be noted that the weak boxes are added linearly to the cross section and are not con-
voluted with QED radiation. The outcome of this final overall confrontation are collected in
Table 4 for the case of s' > 0.5s (and zm;n = 0.5). For this value of s', the radiative Z return at
LEP2 would be effectively discarded, and the observables would be more sensitive to the high
energy component of the kernel with the genuine electroweak corrections. For the muon cross
section, there is a remarkable agreement between the two codes almost equalling the level of
accuracy reached at LEP1. It is always below 0.2% at all energies. In fact, even when relaxing
the s' cut to switch to the inclusive cross section, the agreement is excellent and much better
than the relative deviation observed in the case of the inclusion of pair production. As pointed
out above, the "more-than-needed" accuracy is partly due to some cancellation. For ApB, the
relative deviation does not compete with the one observed at LEP1 energies, nonetheless it
stays below the 0.01 mark. As mentioned earlier, part of the discrepancy may be attributed
to the different inclusion of the pure QED ISR in TOPAZO and ZFITTER (the asymmetric
O(a2) is not implemented in TOPAZO). For the hadronic cross section, the agreement is quite
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satisfactory up to the WW threshold. Beyond this energy, it somehow degrades and reaches
even 0.8%. However, at these energies the box contributions (before convolution) were found
to show some discrepancy (see Table 1) that goes in the same direction as the discrepancy
revealed in the "realistic observable". Some of the deviation here should be attributed to the
different treatment of the boxes for o-jj, and therefore one expects an improved agreement if
the 6 boxes are calculated with the same input parameters.
Let us also mention that KORALZ has also been upgraded for LEP2 energies. KORALZ[18]
is a Monte-Carlo program for e+e~ —> 2/ 717 (/ = ft,r,u,d,c,3,b,v) which includes YFS ex-
clusive exponentiation of initial and final state bremstrahlung. Weak boxes are implemented.
Full details may be found in [19].

As a conclusion, fermion pair production is under control. The study has also revealed
which particular points require further investigation, i.e. especially the treatment of IS pairs.
An important fact is the confirmation of the importance of the box contribution for all the
two-fermion channels, mainly at the WW threshold and at the highest LEP2 energies. This
should be kept in mind or compensated for when attempting to parametrize the two-fermion
observables in terms of running effective couplings or s-dependent form factors. Another im-
portant aspect that needs a more detailed study is how different codes compare when realistic
cuts (such as accolinearity cuts, cuts on the energy and scattering angle of the fermions) are
applied on the fully dressed observables. A very preliminary investigation, restricted to the
muon case, shows that the agreement between TOAPZ0 and ZFITTER somehow degrades
when implementing an accolinearity cut. At the same time the integration error in TOPAZ0 is
larger than what is at the Z peak. All this shows that more optimisation for LEP2 energies is
needed, especially when introducing specific cuts.

3 Single-photon production

When studying fermion pair production the special case of neutrinos was not addressed, since
this contributes an invisible cross section. At LEPl [20], the latter can be inferred from the
measurement of the lineshape, once it is assumed that all the visible modes are counted in
re,M,T and IV Another, less competitive, method at LEPl, is the measurement of the single
photon yield from e+e~ —» uuf. At LEP2 this technique is the only available way to reveal
the production of stable neutrals. One may think of the supersymmetric neutralinos and
sneutrinos or a fourth generation neutrino, to cite a few. For these heavy "beyond the SM"
neutrals, one needs to retain sufficient energy to produce them. Consequently, the associated
radiation will tend to be softer than the typical photons coming from the SM radiative
neutrino background. Actually, the latter are mostly very energetic and are easy to trigger on,
since they are predominantly photons that recoil against real Z° decays to the 3 light neutrino
pairs. Once again, we are dealing with the radiative Z return, that produces very energetic
photons. Thus the situation is much more promising than at LEPl.
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3.1 Experimental requirements
Single-photon counting experiments at LEPl have been rather delicate due to the essentially
soft nature of the single photons. This necessitated low-trigger thresholds and high control of
backgrounds in order to achieve sensitivity to the Z° invisible width [21]. In general, LEPl
experiments have required Ey > 1.5 GeV and have restricted to the large polar angle region
I cos(i?)| < 0.7. At LEP2, the photon energy spectrum from e+e~ —» 1^7(7) gives highly
energetic photons which are easy to trigger on and can be measured well. The detectors
are expected to function with similar performance as at LEPl. One relevant difference is
that the minimum polar angle at which one can detect electromagnetic particles (veto angle),
is likely to increase from about 25 mrad at LEPl to about 33 mrad at LEP2 due to the
installation of additional background shields to protect the tracking chambers from backgrounds
produced at the higher beam energies. This will lead to more stringent cuts on the transverse
momentum scaled to the beam energy, xj = pr/Ei,, designed in order to kinematically eliminate
backgrounds from, e.g., radiative Bhabha scattering (where the two electrons are below the veto
angle). Moreover, LEP2 physics studies involving ISR can use the forward acceptance more
readily than at LEPl, due to the much higher energies involved. Details depend on backgrounds
and requirements: counting or measuring. Based on current analyses (studying for example
e+e~ -* 77) acceptance in polar angle in the region |cos(i?)| < 0.95 should be achieved for
photons with sufficient pr. Using canonical cuts of XT = PT/EI, > 0.05 and | cos(i?)| < 0.95,
leads to a cross-section of about 5 pb for •/$ — 180 GeV. So, there is potential for a 2%
measurement of the inclusive cross-section per experiment for an integrated luminosity of 500
pb~ l , indicating that a theoretical precision below 1% (4 experiments) is desirable. Given the
striking nature of such events and the favourable energy spectrum, it is likely that measurements
will be statistics limited and not limited by experimental systematics. On the other hand, to
achieve this accuracy a precise knowledge of the SM cross section is needed, also taking into
account that some approximations used at LEPl are no longer valid. Moreover, of particular
interest to experimentalists is the inclusion in Monte Carlo codes of additional hard photons
to the single photon, as such photons affect the acceptance when emitted at detectable polar
angles.

3.2 Calculations for e+e~ —> vvy. lowest-order and radiative correc-
tions

Neutrino-pair production in association with a photon is not entirely due to Z decays. For vt

there are additional W-exchange diagrams where the photon can be an ISR or from "internal
radiation" (involving the non-Abelian WWf vertex). These W-exchange diagrams are not
negligible at all at LEP2 energies, contrary to LEPl [20]. For instance, comparing the purely s-
channel viivll"i with vtvt*/, there is about a factor 2 enhancement of the latter at \/s = 175GeV,
brought about by the t-channel. This applies for a visible photon with Ey > 10GeV and
|cos^ 7 | < 0.9. Therefore, some of the approximations that worked so well for LEPl and al-
lowed for an easy implementation of the higher-order corrections are no longer valid.
An excellent approximation at LEPl, the so-called PIA [22], is obtained by taking the Z contri-
bution complemented by the limit Mw —> 0 (and switching off the WW7). This reproduces the
exact result within 1%. Another equally good approximation convolutes the neutrino-pair cross
section (with Mw —» 0) with a radiator function[23]. These same approximations overestimate
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the result of the full calculation by some 30%, already at >/* = l50GeVt.
Because of the failure of these approximations as the energy increases, the implementation of
the higher-order corrections for this three-body reaction requires a special attention. Full one-
loop QED corrections have been computed [25, 26], while complete O(a) weak corrections are
presently known only for the "sub-process" e+e~ —> Zf [27]. Higher-order QED corrections,
necessary to match the experimental precision reached at LEP, are taken into account in the
Monte Carlo [24, 28] and semi-analytical codes [23] used by LEP collaborations, through the
QED structure-function approach (SF) or the YFS algorithm to implement multiphoton effects.
For instance, within the SF method [29], the QED-corrected cross section can be written as [30]

<r(s) = Jdxi dx2 dE^ dc^ D{XI,S)D(X2,S)J^-J-, (8)

c^ is the exact spectrum of Ref. [25], the photon variables refer to the centre-of-
mass frame after initial-state radiation, and D(x,s) is the electron (positron) structure func-
tion. The explicit expression of D(x,s), including soft multiphoton emission and hard collinear
bremsstrahlung up to 0 ( a e ) , can be found in [30].

e* e" —> v v y

2 + W Corr.

Z Corr. + W Born

Exact Lowest Order

180 190 210 220
Vs [GeV]

Figure 5: The QED-corrected and the Born cross section for e+e~ —* vv-f as a function of the
centre-of-mass energy at LEPS. The approximations are detailed in the text. The cuts on the
photon are E™n = 1 GeV and tf™n = 20°.

Fig. 5 shows the QED-corrected cross section of e+e~ —̂  vpf as a function of the centre-of-
mass energy at LEP2, assuming the cuts E™n = 1 GeV and tf™in = 20°. The dash-dotted line

•This is obtained with Er > IGeV, |cos9,T | < 0.966, [24].
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represents the lowest-order total cross section obtained after integrating the exact photon spec-
trum dcr/dEyd cos i?., [25], the solid line is the result obtained according to the structure-function
formulation of Ref. [30] (i.e. in the case of convolution of the full spectrum [25], including Z
and W diagrams), and the dotted line, reported for the sake of comparison, shows the results
obtained by simulating the approach of Ref. [24], namely correcting the Z contribution only,
and adding to this result the W-exchange diagrams at tree level§. Two considerations are in
order. First, the QED-corrected cross section at LEP2 is higher than the Born one as a conse-
quence of the Z radiative return: the effect is to enhance, in this experimental set-up, the Born
cross section by a factor of about 1.3. Secondly, the convolution of the full spectrum is in good
agreement (within 1%) with the approach based on Ref. [24] because the QED-corrected cross
section is largely dominated by the Z radiative return, and the tree-level contribution of W
diagrams and W-Z interference is almost flat over the full energy range spanning from LEP1
to LEP2. The agreement between the two calculations is within the expected experimental
accuracy.

E^IGeVJ

Figure 6: The energy distribution of the seen photon, without and with initial-state QED cor-
rections, for a LEP1 (Eb = 48 GeV) and a LEP2 (Eh = 87.5 GeV) energy. The cuts on the
seen photon are the same as with the previous figure. The numbers of events integrated in the
case with ISR and without are proportional to the corresponding integrated cross sections.

The single-photon energy distribution is shown in Fig. 6 after including the higher order
ISR. The results confirm the qualitative arguments given above concerning the LEP2 vs LEP1
comparison. Two peaks are clearly visible in the photon energy distribution, both at LEP1 and

sStrictly speaking, in Ref. [24] the SF approach is applied to the complete O(a) QED collections to the Z
exchange contribution of e+e~ —> vuy. In the comparison repotted here, the SF is applied to the tree level
e+e~ —> vi>y cross section. Weak corrections are implemented through an improved Born approximation in
both eases. It has been checked that both versions agree within 1% with the approach of convoluting the full
spectrum.
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LEP2 energies: the higher one is located at the energy value of about ( 1 - Ml/s)</»/2, the lower
one is due to 1/.E-, (soft photon) peaking behaviour. As can be seen, the main modifications
introduced by initial-state radiation are to reduce the higher peak and to enhance the lower
one. The most important conclusion is that at LEP2 even after taking into account additional
radiation, there still is a prominent peak around the recoil hard photon, hence allowing for
a better discrimination of the heavy neutrals and improving the LEPl limit on the number
of neutrinos via the radiative method; even if this will not match the super-precision of the
line-shape method. Further simulations of single-photon distributions at LEP2 versus LEPl
energies obtained analyzing the events generated by the Monte Carlo of Ref. [31] are given
and commented in Ref. [30]. All the above results have been produced by means of a new
Monte Carlo event generator [31] developed for radiative neutrino counting measurements at
LEP1/LEP2 and based on eq. (8).

3.3 Towards a single-photon library
During this Workshop, the problem of finding a general approach to the computation of the
single-photon spectrum associated to any process of the kind e+e~ —^(invisible) has been
addressed. In particular, possible approximations have been studied that, starting from the
e+e~ —>(invisible) cross section, could allow to get the corresponding single-photon spectrum
in a straightforward way. The Standard Model process e+e~ —+ i/u-f can act as a benchmark
for this purpose. Instead of the exact formula for the neutrino single-photon spectrum, one can
use as a kernel in the convolution formula (8) an approximate factorized photonic spectrum
given by

dcapprox

(9)

where cr0 is the total Standard Model cross section of e+e~ —» (Z, W) —> vv and fT'°'(xT,c7;«)
is the angular radiator proposed in Ref. [30] and derived from O(a) p(-dependent structure
functions [32]. It describes the probability of radiating a photon with a given energy fraction
z , = E^/Eb at the angle tf7 (<x, = cost?.,).

This approximation can be used as a basic tool to develop a library of single-photon events,
including standard and non-standard (in particular SUSY) processes. Indeed, given as a kernel
the total cross section corresponding to a process of the type e+e~ —> (invisible) objects,
dressing it with the angular radiator H^a\ according to eq. (9), amounts to attaching a photon
line on the external charged legs, including the "universal", factorized form of the photonic
radiation. The above recipe has been checked against the exact Standard Model single-photon
spectrum and found to be accurate at the level of a few per cent [30]. The same method has
very recently been applied to the single-photon signature of the SUSY process e+e~ —» XXI
(for the most general gaugino/higgsino composition of neutralinos in the MSSM)[33]. Its cross
section has been obtained by convoluting the cross section for the channel e+e~ —> \X with the
radiator function and found to be very hard to disentangle from the neutrino background (see
the Neutralino Section in the New Particles Report for some results on this channel).
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4 Photon-pair production

Photon-pair production is essentially a pure QED process, that is not very sensitive to the
genuine weak radiative corrections. Therefore, contrary to the single-photon production, there
is no new phenomenon to take into account with respect to LEPl. One way to exploit this
clean channel is to probe the indirect effects of alternative models such as the exchange of a
heavy excited electron or a contact interaction. However, to conduct these tests it is essential
to take into account the order O(a3) QED corrections that could mimic new-physics effects.
The corrected differential cross section may be written as:

da
(10)

where 6 is the photon scattering angle with respect to the beam. SQED includes the virtual,
soft and hard bremsstrahlung corrections [34]. This higher-order factor has been verified to be
needed in order to reproduce the LEPl data [35] as shown in Figure 7.

This correction will have to be included also at LEP2. However, one expects the sensitivity

L3

€, 50

I
25

Data
QED with radiative corrects
QED Bom level

0.2 0.4 0.6 0.8

1.5

i,
S 0.5

0.2 0.4

|cos(6)|

Figure 7: (a) shows the comparison of the measured differential cross section with the QED
prediction for the process e+e~ —> 77(7) as a function of |cos#|. (b) shows the same cross
sections normalized to the QED Born level prediction. The comparison leads to a\2 = 0.53/dof.

to the anomalous effects to be enhanced at LEP2, since the latter increase with energy, while
the QED cross sections falls. For instance, the effect of an excited heavy electron that may
be parameterized by a scale A± (depending on the chirality of the coupling) [36] or a general
dimension-6 contact interaction with a scale A [12, 37] modify the differential cross section
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Figure 8: Comparison of the measured differential cross section with the QED predictions in-
cluding the deviations for the parameter values shown in the figure, as a function of \ cos 9\. The
cross sections are normalized to the radiatively corrected QED cross section. The functional
effect of A+ and A is the same.

according to
(dcr/dQ) = (da/dQ)QEI) (1 + Saew) (11)

where 5new = ±s2/2 (l/A^j (1 — cos2 8) for the excited electron assumption and with an
analogous expression for the contact interaction. A comparison of the measured and QED
predicted differential cross sections, including the deviation, are reproduced from the L3 exper-
iment in Figure 8. At LEP2, with an integrated luminosity of about 66 pb"1, the lower limit
on the scale of the contact term A is expected to increase from 600 to 800 GeV, while that
describing the excited electron, A+ and A_, will go up to 200 GeV. These limits scale as the
1/4 power of the integrated luminosity.

5 Four-Fermion Processes

5.1 Classes of Feynman diagrams

At LEP2 centre-of-mass energies, four-fermion final states are produced with large cross sec-
tions. These are not only due to real WW and ZZ pair production with subsequent decays
W —* ff and Z —* ff, but arise from several production mechanisms, each giving sizeable con-
tributions to the four-fermion cross section in specific configurations of the final-particle phase
space. In Fig. 9, all the possible classes of four-fermion production diagrams are shown. The
largest total cross sections arise from the multiperipheral diagrams. Here, two quasi-real photons
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are exchanged in the t-channel, giving rise to forward (and undetected) electrons/positrons plus
a / / pair with a non-resonant structure (the so-called "two-photon" processes). For instance,

Abelian Classes
e+

1 B2 ^

e Conversion

•h

•h
-h
-h

e+ /

\ _ B_/
/ \J3i

Annihilation

•h

'h

Brenisstiahlung

B2

-h

-h

Multiperipheral

Nonabelian Classes

Fusion

B

Annihilation

h

= 2°,7; i = Z0, 7, + Higgs Graphs.)

Figure 9: Four-fermion production classes of diagrams.

one has o-(e+e~ -* e+e~ T+T~) ~ 102 pb for MTT > lOGeV. On the other hand, although
interesting for QCD studies (see the 77 Physics report) and as a main background for missing
energy/momentum events (see the Â etu Particles Physics report), these classes of processes do
not sizeably contribute to final states that are of interest for the studies of W, Z and Higgs bo-
son production. In the latter case, the main contributions come from double-resonant diagrams
(conversion and nonabelian-annihilation diagrams in Fig. 9). Also single-resonant processes
(proceeding through abelian-annihilation, bremsstrahlung, fusion and single-resonant conver-
sion graphs) can give an important contribution to vector-boson physics, when the invariant
mass constraint on one of the final fermion pairs is relaxed. A particular example is given by
the single W,Z production, e+e" -> euW -> euff and e+e~ - • eeZ - • eeff. In this case,
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VS (GeV)
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Figure 10: Total cross-section for e+e —• e vud, all diagrams (solid), for, a), no cut on the
final electron, and b), a cut on the electron angle with respect to the beams 9t > 8°. Dashed and
dotted lines show the double-resonant and t-channel contribution , respectively.

most of the cross section is due to single-resonant bremsstrahlung and fusion diagrams, where
an almost real photon is exchanged in the t-channel and one final electron escapes detection.
In a sense, one could rename these channels as "three-(t>isi6/e)fermion" processes.
Some aspects of four-fermion processes are studied elsewhere in this report. Here we concen-
trate essentially on providing analytical (or semi-analytical) approaches. A particular attention
is given to total cross sections especially in the case of forward electrons. We will also list the
cross sections for the entire list of the four-fermion processes when some canonical cuts are
imposed, as given by some available codes on the market, thus complementing the studies of
the Events Generators for WW Physics group.

5.2 Single-W production

The cross section for single (on-shell W) production is shown in Fig. 1 and is dominated by
the t-channel photon exchange. However, this is only one of the sub-processes that contributes
to e+e~ —» e'uud. Complete tree-level cross sections for the process e+e~ —> e'vud have
been computed using the GRACE system [38] with the complete set of tree-level diagrams
and taking into account all fermion-mass effects. This allows to integrate with no cuts over
the forward-electron angle and exactly assesses the relative importance of double-resonant W
diagrams versus single-resonant W and non-resonant diagrams [39]. In Fig. 10, after applying
some realistic experimental cuts on the quark ( Euj > lGeV and angular separation from
the beam 6U j > 8°), the comparison of the total cross sections for all the diagrams (that is,
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20 graphs) with the double-resonant subset (given by conversion plus nonabelian annihilation
graphs, total of 3) and the t-channel subset (given by bremsstrahlung, fusion and multiperipheral
graphs, total of 10) is shown for a) no cut on the final electron, and b) a cut on the electron angle
with respect to both beams 0e > 8°. The dominant contribution to the t-channel subset is given
by the 4 diagrams where a photon is exchanged in the t-channel, with the e~ scattered in the
forward direction ' . One can see that, below the WW threshold, the single-resonant and non-
resonant diagrams give a substantial contribution to the total cross section. At y/s = 190GeV,
their contribution is 4.4% of the total, while it increases at larger y/s. On the other hand,
imposing a cut on the forward electrons strongly depletes the t-channel contribution.
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Figure 11: Invariant ud-mass distribution for e+e —t e'vud at \/s = 180 GeV. The solid and
dashed curves are, respectively, as for cases a) and b), of the previous figure.

It is also interesting to compare the effect of the single-resonant and non-resonant diagrams
on the quark-pair invariant mass distribution. Figure 11 shows how t-channel production can
alter the M^j distribution and eventually play a role in the W mass determination.

5.3 Exact cross sections versus effective approximations

When including all the tree-level diagrams for a four-fermion process in a computer program,
one can loose some insight on which subsets of diagrams are really dominant and which are
"sub-leading". On the other hand, in order to treat correctly the phase-space integrations and
to get a reliable result, one should distinguish the main/secondary groups of diagrams. At

'There is a very subtle problem with the implementation of the W width. A naive "tunning" width leads
to disastrous predictions, see [39]. A general discussion about the implementation of the W width and gauge
invariance is discussed in the WW Physics Report. See also[40].
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the same time it is also useful to check the reliability of effective approximations that allow to
evaluate given subsets of diagrams in a much simpler way. The natural way of forming subsets
of diagrams is by isolating subgraphs that (with the in- and out- intermediate particles taken
on mass shell) correspond to some gauge-invariant process of lowest order [41] (other ways
of decomposition have not been successful, especially at high energies [42]). In this section,
such a procedure is illustrated in the particular process e+e~ —> e+e~66. This channel is
important as a background for Higgs bosons searches. Figure 12 shows the 48 diagrams that
make up the complete set (excluding the two that involve Higgs bosons): 8 multiperipheral, 16
bremsstrahlung (single or non resonant, with a i/Z in the i-channel), 8 conversion (single- or
double-resonant) and 16 annihilation (single- or non-resonant) graphs. The first three classes of
diagrams involve the subprocesses 77 —> 66, ye —• Ve (V = 7, Z) and e+e~ —» VV, respectively.
The contribution of each subset to the total cross section has been computed exactly at tree
level by CompHEP[43], and then compared with the corresponding results obtained through
appropriate effective approximations that are described in the following.

Note that, in general, interferences between different subsets are found to be negligible at
LEP2 energies, with the exception of the interferences of the bremsstrahlung diagrams with
the Z —> 66 decay, and the conversion diagrams with the 7* -+ e+e~ and Z —» 66 decays (that
gives -24 fb at y/a = 200GeV). Then, apart from the interference between the bremsstrahlung
diagram with Z —» 66 and the one with 7* —+ 66, which gives -3.2 fb at T/S — 200GeV, all other
interferences are found to be less than 1 fb at the same energy [41].

• Effective approximation for multiperipheral diagrams.
Using the equivalent photon spectrum in the Weizsacker-Williams (WW) approximation [44], we
can write the approximate formula for the total" cross section corresponding to multiperipheral
diagrams (first row in Fig. 12)

"•(77 -> bb) = f dXl

where /•,(*, 6) is given by [45]

dx2,7(77 -» 66) /,(«„ S) /,(»„ S) (12)

and S = ml/4ml. The subprocess cross section is given by (see, for instance, [46])

((3 - * (14)

where v = Jl — 4ml/i. The results obtained through eq. (12) after a numerical integration are
shown in Fig. 13 (dashed curve), and compared with the exact computation (solid curve) that
includes also the multiperipheral fZ- and Z^-exchange diagrams (the last two are found to be
suppressed by a factor 10~3 and 10~6, respectively, relative to the dominant 77 contribution).
The agreement is excellent (indeed, the two curves overlap completely).

"i.e. no cut on the invariant bb mass, mkS. The case including a cat on the invariant feimion mass and
applications to the mff distribution are given below.

I—ft
7/* I

j/Z'x yb y/Z> yb

Figure 12: Complete set of diagrams for the process e+e —» e+e~bb.
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• Effective approximation for i-chhiinel photon exchange (bremsstrahlung) dia-
grams.
Diagrams including the subprocess -fe. —> Ze (second row in Fig. 12) are well approximated
by

<r(7*e - Ze) = f°" dx / f " dQ^^fh^e -, Ze\Q*)Br{Z - 66) (15)

where

with the integration limits

rfl — _2 x rfl 2
V a i » - m , ; ~» Vmo» = mZ

J. ~~ X

_ (m, + mz)2 (•^/s — m€)
2

(16)

(17)

On the other hand, for the diagrams including the subprocess ~f*e —»-y*e, one has

(r(7 e -* 7 e) = / <£z /

with the integration limits

_ (m, + 2mbf
in — j

3

(18)

(19)

The cross section for the subprocess y'e —* Ve, where V denotes Z or 7*, can be written in
the form

"e - Ve\Q2) = ^-Cv 2(2xJ. - 2«y + l)log (20)

z . |r - 2ZV + 1)
+ O(§i,

where

+ 1

a = 1 — Xy -f x e x y — x e — x^( l — xe — Xy)

/3 = [(1 + (xe - x7)2 - 2xe - 2x^)(l + (xe - xy)2 - 2ze - 2xv)]1/2

x, = ml/s, x7 = -<?2/«, s = xs
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• Effective approximation for conversion, single and double-resonant diagrams.
We start from the conversion subprocess e+e~ —* 7*7* (diagrams in the third row in Fig. 12).
In this case

, , . , , , „ 1 t^-^h? dM^ HV-W dM^
<r(e+e - T

a(e
+e- -> 7*7*)r(7* -» / i / W -» /*/»)

where the off-shell photon decay width is given by

| l + 2x/)v/l - te/

(21)

| v (22)

Q2 = 1/9 for the b-quark and 1 for the electron, Xf = mJ/Af2.. The color factor Te is equal to
3 for b-quark and 1 for the electron. The subprocess cross section is given by [47]

where

GD =

+ PD

AD = 1 + (xj + x2)

(23)

D = 1 - X! - x2,
X! = M2./j>,

( i j)
X2 = M*./S.

For the single-resonant process e+e~ —• 7*Z one has

7 '(/ i/1) + Z{hf2)) = i
7T

where the subprocess cross section is given by the formula eq. (23) with the parameters

(24)

= 1 - x 7 . -

The cross section for the double resonant process e+e~ —» 7 2 , with the subsequent decays
of Z in the narrow width approximation, is given by the subprocess cross section eq. 23 with
parameters

1
1 —

i = l - 2xz,
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i = v l —4xz,
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Figure 13: Effective approximations (dashed lines) and exact calculations (solid lines) corre-
sponding to various subsets of diagrams for the process e+e~ —• e+e~bb.

multiplied by Br(Z -> / i / i)Br(2: -> / 2 / 2 ) .

In figure 13, one can see that the exact computation (solid) is always reasonably recovered
by the above approximations (dashes). Indeed, adding the approximate formulae for multi-
peripheral, single and double conversion incoherently (with no interferences) the total cross
section is reproduced within 5%.

It is also possible to improve on the approximation for the conversion diagrams that involves
the Z, by including the finite-width effects and even the ISR, as we will discuss below.

5.4 Radiative corrections within the multiperipheral diagrams.

In this section, we discuss the accuracy of different versions of the Weizsacker-Williams (WW)
approximation [44] in describing both the integrated cross section (with a cut on the invariant
mass of the fermions) as well as their pr distribution in two-photon processes. The effect of
the QED corrections to the subprocess is also discussed within the approximation. In order to

235

isolate the effect of the WW approximation error from other uncertainties (like QCD effects in
two-photon hadron production), we study the 77 —» T+T~ production as a reference process
for more general cases.

Within the approximation the tree-level cross section is given by eq. (12), implemented with a
cut on the invariant mass of the TT pair. Several functions for the photon flux can be found in
the literature, with the aim of giving more accurate descriptions of the exact rates. Indeed, it
can happen that one formula can reproduce the total cross section quite precisely, but is less
successful as far as some distributions are concerned, or vice versa. In general, the accuracy of
a given approximation is both process and experimental-cut dependent.

Here, we compare how two different flux functions fare with the exact tree-level and one-loop
QED corrected result. This correction is only applied to the sub-process 77 —> TT [48]. The
phase-space integration of the final state (7-dimensional for the 4-bodies and 10-dimensional
for the 5-bodies) was performed by using the Monte Carlo integration package BASES [49].

The following two Weizsacker-Williams spectra were examined

f)-(!-,)}
(25)

(26)

with ffXx) [WWA(l)] and f^(x) [WWA(2)] replacing fy(x,S) in Eq.13 (note that the inte-
gration limits depends on the cut on MTT now).

<r(pb)
exact
WWA(l)
WWA(2)

Born
6.017(6)
6.171(4)
8.370(6)

soft + loop
-2.361(2)
-2.392(1)
-3.224(2)

hard
2.403(2)
2.463(3)
3.316(4)

O(a) corr.
0.70(5)
1.16(6)
1.10(5)

Table 5: Total cross section for r-pair production at \/s = 180 Ge V with the invariant-mass cut
MTT > 30 GeV. The photon contribution is separated into soft and hard at ky = lkeV. The
last column shows the O(a) correction in %.

Table 5 summarizes the various components of the QED corrected total cross section calcu-
lated at ^/s = 180 GeV. The only kinematical cut applied is MTT > 30GeV. The first spectrum,
with /^ ' (x ) , reproduces the exact integrated cross section within 2% while the second choice
overestimates the integrated cross section by almost 30%. Note that the O(ct) correction is
small, about 1% and is reproduced in all three cases. The impact of the choice of the photon
spectrum on the pr distribution for the the T~ was also studied. The results are shown in
Fig. 14. We observe that the first approximation reproduces nicely the exact distribution for
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Vs=180GeV
MTT>30GeVVs=180GeV J

MTT>30GeV

Figure 14: a) Pt distribution of T~ at ^/s = 180 GeV for M{TT) > 30 GeV based on the exact
calculation, b) shows the ratio of the WWA approximations over the exact result [see text for
the definitions of WWA(l) and WWA(&)].

small pr (PT < 20GeV) while the second one is more suited in the medium p? range, though
both fall down too fast in the large pr region (where, however, the statistics is very poor).
From this example, one can conclude that the best choice of the non-leading term in the WW
approximations depends on which quantity one wants to reproduce. For instance, the WWA(2)
has been preferred in the analysis of pr distributions of two-photon process with high pr at
TRISTAN [50].

5.5 Improved semi-analytical calculations for conversion-type four-
fermion final states

We have already discussed how the conversion type diagrams can be approximated. The above
approximations can be further improved by including finite-width effects and inserting ISR. In
this sub-section, we report on four-fermion cross sections and invariant mass distributions as
obtained by the semi-analytical method. All angular degrees of freedom in the phase space (five
at tree level, seven if the ISR is included) are integrated analytically. After these analytical
integrations, elegant and short expressions are obtained for invariant mass distributions. Fast,
numerically stable, and highly precise numerical algorithms are then used to integrate the
remaining phase-space degrees of freedom, namely the two or three squared invariant masses.
Semi-analytical results are, however, not suitable for experimental simulations. In this sense,
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the semi-analytical and the Monte Carlo approach are complementary, and semi-analytical
results may serve as benchmarks for numerical approaches, which usually rely on the Monte
Carlo technique. A short review of semi-analytical calculations may be found in [51].

• Convolution formulae at tree level
In the framework of the semi-analytical technique, total four-fermion production tree-level cross
sections are given by

<rBora(s) = I dsi I d«2 —j • X) H ^ ' / ' ' (27)

Squared invariant masses for final-state fermion pair are represented by si and s2, and A =
A(«, Si,s2) with A(a, fc, c) = o2-f62+c2-2a6-2ac—26c. The subscript index k labels cross section
contributions from squared amplitudes or interferences with distinct Feynman topologies and
coupling structure. Partial double-differential cross sections have the form

—— /** ( a \ C I a a « ^ (r}Q\

Coupling constants and off-shell boson propagators are collected in Ck, while Qk is a kinematical
function obtained after fivefold analytical integration over the angular phase-space variables.
Both Ck and Qk are given by very compact expressions. For different charged current (CC) and
neutral current (NC) processes, Cj, and Qk may be found in references [51, 52, 53, 54, 55].

•Complete O(a) ISR with soft photon exponentiation
A total four-fermion cross section with complete O(a) ISR corrections including soft photon
exponentiation is given by

ISR/ 't As'J -
with the reduced squared center of mass energy s' and

(29)

(30)

where & = 2 » [ln(j>/mj) - 1] and t> = (1 - s'/s). Both the soft+virtual and hard contribu-
tions, Sk and Hit, split into a universal, factorizing, process-independent and a non-universal,
non-factorizing, process-dependent part. Using the twofold differential Born cross sections
<7M(a';«i,*2) = ^3- • Qk(s',Sr,Si), one obtains

= B(s,s') <Tk,o{s';slt h(s,s';«t,s2)

Universal Part Non—universal Part

with the O(a) soft-(-virtual and hard radiators S and H in the universal part given by

l l 3 „ =,, „

(31)

(32)
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Cross section ports (univ. ISR)

calculation

— Born
univ. ISR

- complete ISR
ISO 200 250 300 350 400 450 500 550 600

Vs (GeV)

Figure 15: The NC8 cross section. The solid line represents the Born cross section, the dash-
dotted line includes universal, and the dotted line includes all ISR corrections. In the inset,
the universally ISR corrected HC8 cross section is compared to the contributions from Z° and
photon pair production.

If the index k is associated with s-channel e+e annihilation diagrams only, non-universal
ISR contributions are not present. Non-universal ISR contributions originate from the angular
dependence of initial state t- and u-channel propagators. Since the non-universal cross section
contributions <r§ k and <T£ k do not contain the large logarithm /3e, they only yield small cross
section corrections up to a few percent. However, the analytical structure of <r$ k and er^ k is
very complex. An important feature of the non-universal corrections is the so-called screening
property, i.e. an overall damping factor si-s^/s2 in the non-universal corrections [52, 55, 56], It
is important to note that screening is a likely property with respect to the proper high energy
unitarity behavior of the completely ISR corrected cross section. Semi-analytical treatments of
complete ISR are presented in references [52, 55, 56]. Details of the non-universal contributions
may be found in [56, 57].

As an example for numerical results, figures 15 and 16 present total cross sections for the NC8
process

* V (33)

without and with invariant fermion-pair mass cuts [56]. In figure 15, the cross section correction
due to universal the ISR varies between 12% at v/s=130 GeV and 21% at 600 GeV. The
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I
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10

— ZZ Graphs, no cut
? \ All Graphs . . , . . . _r

A ZZ Graphs War-MJ s 5Vt

150 200 250 300 350 400 450 500 550 600

Vs (GeV)

Figure 16: The effect of cuts of 2 T Z and h-Tz around the Z° mass Mz on the HC8 ('All
Graphs') and Z° pair ('ZZ Graphs') cross sections. The cuts were applied to both the /i^fi'
and the bb pair invariant masses S! and &2- All cross sections are universally ISR corrected.

additional relative correction from the non-universal ISR increases from 9%o at 130 GeV to
4.2% at 600 GeV. From figure 16 one can see how the NC8 cross section approaches the cross
section for the NC2 reaction e+e~ —» {Z°Z°) —> /*+/t~ 66 when invariant fermion-pair mass cuts
are tightened. For the NC2 reaction, the effect of universal ISR varies between -28% at the
Z° pair threshold and approximately +10% at 600 GeV. Non-universal corrections to the NC2
reaction amount to less than half a percent below and around the threshold and rise to 1.5%
at 600 GeV. Results for the NC24 process, that is with complete set of diagrams contributing
to e+e~ —> fif-i fifi, with f\ ^ fc jt e, ve, are found in reference [54] (see also below). Details
of semi-analytical results for Higgs production and CC processes are reported by the working
groups Higgs, WW cross sections and distributions, and Event Generators for WW Physics in
this Report.

5.6 Cross sections for all four-fermion final states with inclusion of
all diagrams

In this section, we report on the results of a study of the tree-level cross sections for all possible
four-fermion final states, as listed in Tables 6-8. The complete set of diagrams is taken into
account in each case (the corresponding total number of diagrams (Nj) is shown in the same
tables). Higgs-boson contributions are not included. This comparative study involves seven
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NN
1
2
3
4
5

6

7
8

9

10
11

12
13

14
15

16
17
18

19
20

21

22
23
24
25
26

27

e+e" -+

e+e~vevt

e~vtuup+
e~vevTT+
vte+p~au

i/te
+T~&T

p+p-f^

T+T-VTDT

p~VvVrT+

e+e~e+e~

e+e~p+p~

e+e~T+T~

p+p-p+vr

T+T-T+T-

P+P'T+T'

e+e~vllvll

e+e"i/TCr

utvep+p-

VtVtT+T~

vTvTp+p~

vevtvtvt

vtvtv^
vcvtvTvT

V,VTVrV,

v»vvvrv.

Nd

56
18

19

9

144
48

48

24

20

19

10

36
12

12

6

ALPHA

257.3(2)
227.1(1)

228.6(2)

218.5(1)

—

5.456(5)

11.00(1)

9.2S(1)W

17.78(2)

10.10(1)

4.091(2)
8.335(4)

4.065(4)

8.245(4)

CompHEP

255.4(13)

227.8(5)

227.3(8)

218.4(4)

—
113.1(15)

5.439(32)

10.95(4)

14.13(4)

17.78(5)

10.09(3)

4.108(22)
8.335(9)

4.107(8)

8.234(9)

EXCALIBUR

256.7(2)
227.2(1)

228.6(2)

218.2(1)

109.7(2)
116.6(2)

5.476(10)

10.99(2)

14.15(2)

17.92(4)

10.14(2)

4.087(2)
8.335(3)

4.071(1)

8.240(3)

F grctf
256.8(7)

227.0(2)

228.7(7)
228.3(2)W
225.1(4)'"'!
218.5(2)

218.3(2)'"'!

109.0(6)
116.5(3)

111.6(1)'"'!
58.68(5)W

5.467(9)
5.387(7)W
3.786(3)W

10.97(4)
9.233(16)W

14.14(3)

17.75(3)
17.39(3)W
11.08(l)W

10.10(3)
10.038(8)W
8.533(6)W
4.085(5)
8.335(6)

4.063(4)

8.240(4)

HIGGSPV-

—
226.9(4)"

218.4(1)"

—
112.8(19)

5.65(52)

11.01(1)

14.34(17)

17.79(1)

10.10(1)

—
8.369(54)

4.067(7)

8.237(6)

WPHACT

257.0(2)
227.3(1)

228.6(0)

218.6(2)

109.6(2)
116.8(2)

5.472(5)

11.02(2)

14.16(1)

17.81(1)

10.09(2)

4.089(1)
8.339(1)

4.068(1)

8.241(1)

WTO
—

227.2(1)

228.6(1)

218.1(0)

—

5.460(17)

11.00(1)

17.83(15)

10.05(3)

—
8.356(2)

4.117(1)

8.241(1)

Table 6: Cross sections ftn fb) for all the leptonic four-fermion final states. The
superscript [m] marks all the results where complete fermion-mass effects ore
taken into account. The asterisks in the HIGGSPV column distinguish cross
sections computed by the WWGENPV version of the program.

241

NN

1
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9
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15
16
17
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20
21
22

23
24
25
26
27

28
29
30
31
32
33
34
35
36

37
38
39
40
41
42

e+e"-f

e~veud
e'VeCS
v,e+dn
vte

+sc
H'Uptid

p+Vvdu

fl+V»8C_
T~VT1ld
T~VTCS
T+vTdu
T+VrSC

e+e~uu
e+e~c£
e+e-dd
e+e~ss
e+e-bb
H+li~uu

lt+lTcc
r+r-uu
T+T~cc

H+H-dd

p+p-ss
p+p-bb
r+T'dd
T+T'SS
T+T-bb

veveuii
v*vecc

vcvtdd
vevtss
vtvtbl

Vffi^UU

VffiyCC

urvTcc

VpVpdd
Vffi^SS

vTvrdd

VTVTSS

i/rprfc6

Nd

20

10

48

48

24

24

19

19

10

10

ALPHA

692.9(5)

666.3(4)

24.71(2)
24.48(3)w

23.74(2)

23.89(2)

20.66(2)

21.04(2)

19.88(2)

CompHEP | EXCALIBUR | grc4f

693.3(13)

664.9(11)

85.78(63)

42.77(21)

24.58(6)

23.65(7)

23.88(5)

20.62(5)

21.07(3)

19.80 (4)

692.8(4)

666.9(4)

86.87(9)

43.05(5)

24.80(3)

23.70(4)

23.89(1)

20.67(1)

21.09(1)

19.86(1)

692.5(4)
692.1(5)W

666.2(4)
665.7(4)W

665.7(4)W
665.3(4)W

86.88(9)
78.20(42)w

42.95(7)

36.51(5)W
24.69(3)

24.53(3)w

24.57(6)W
20.29(3)W
20.39(5)W

23.71(1)

23.60(l)w

22.98(3)W
20.03(3)W

19.49(2)W
23.82(4)

24.26(3)w

20.63(2)

19.63(2)W

21.07(2)
21.32(2)'"']

19.85(2)

19.16(1)'"']

HIGGSPV

691.9(12)"

666.8(5)"

84.91(93)

43.61(41)

24.68(1)

23.73(1)

23.95(5)

20.67(8)

21.08(1)

19.86(1)

WPHACT

692.7(5)

666.7(4)

86.80(15)

43.01(9)

24.69(2)

23.71(2)

23.87(1)

20.65(1)

21.09(1)

19.87(1)

WTO
692.8(3)

666.2(1)

87.64(34)

43.35(23)

24.59(4)

23.58(5)

24.02(14)

20.68(4)

21.13(14)

19.89(4)

Table 7: Cross sections (in fb) for all the semileptonic four-fermion final states.
The notation is the same as in Table 6.
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codes: ALPHA [58], CompHEP [43], EXCALIBUR [59], grc4f (a package for computing four-
fermion processes based on GRACE [38]), WWGENPV/HIGGSPV [60], WPHACT [61] and
WTO [62]. For a detailed description of the codes see the Event Generators for WW Physics
Report. In this comparison ISR and gluon-exchange diagrams for the hadronic four-fermion
final states (when implemented) are switched off. The effect of non-zero fermion masses for some
of the processes has also been investigated by ALPHA and grc4f (see Tables 6-8). Total cross
sections have been computed at the centre-of-mass energy y/s = 190GeV, with the following
cuts: Et± > lGeV , Eq > 3GeV , 8(1* - beam) > 10° , 6(1* - I'*) > 5° , 0(1* - q) > 5"
, Mq^i) > 5GeV (cuts on the fermion energy variables are loosened in the case of massive
fermions). Furthermore, in order to better check the agreement among the different codes,
a canonical set of input parameter has been agreed upon in all the computations, that is
Mz = 91.1888GeV, Tz = 2.4974GeV , Mw = 80.23GeV , Tw = 3 g f f i = 2.0337GeV ,

a~\2Mw) = 128.07, GF = 1.16639 10-sGeV-2 , s i n 2 ^ from fgpf1 = ^jf-- In Table 6,
the cross sections for all the four-lepton final states are shown, in Table 7 the ones for the
semileptonic states and in Table 8 the ones for the hadronic four-fermion states. The error in
the last one or two digits, corresponding to the Monte Carlo event generator, is also shown in
parenthesis. One can see that the agreement among the different central values is in general at
the level of a few per-mil, and even better in some cases. Note that, with the cuts above, the
effect of the fermion masses can be not negligible, as can be seen by comparing the rates for
muons to those for r 's for instance, (cf. Tables 6-7).

NN
1
2
3

4

S
6
7
8
9
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11
12
13
14

15
16
17

e+e~ -t

uudd
cess
udsc

dues
uuuu
cccc
dddd
ssss
6666
uuee

uusl
uubb
cedd
cebb

ddss
ddbb
ssb'b

Nd

35

11

48

48

24

24

24

ALPHA

2063(1)

2015(1)

25.65(3)

23.49(2)

51.54(5)
52.21(5)W
49.58(5)

47.04(5)

CompHEP

2045(7)

2019(6)

~

51.58(10)

49.47(14)

46.95(9)

EXCALIBUR

2064(1)

2015(1)

25.75(1)

23.49(1)

51.59(2)

49.69(1)

47.12(2)

grc4f

2064(3)
2063(3)|ml
2015(1)

2013(3)W

25.58(8)
26.36(3)W

23.49(8)

22.11(11)W
51.57(3)

52.28(3)W
49.68(4)

48.68(5)W
50.35(7)W
49.29(5)W

47.12(3)
46.08(4)W

HIGGSPV

—

2015(1)"

25.36(17)

23.28(14)

51.60(4)

49.71(4)

47.11(6)

WPHACT

2064(0)

2015(1)

25.73(1)

23.49(1)

51.64(5)

49.66(3)

47.11(3)

WTO
2062(1)

2014(0)

~

51.50(7)

49.67(11)

47.11(9)

Table 8: Cross sections (in fb) for all the hadronic four-fermion final states.
The notation is the same as in Table 6.
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6 Three Vector-Boson Production

LEP2 can in principle be sensitive to quartic self-interactions of the electroweak vector bosons,
through the production of two bosons plus one large-angle hard photon in the channels e+e~ —»
WWf, ZZf and Zfj. While the inclusion of quartic couplings is essential to maintain gauge
invariance, these couplings cannot be simply isolated as subtle cancellations among many di-
agrams, including also trilinear couplings, take place. Nevertheless, triple vector-boson pro-
duction can be used as a test for the presence of anomalous couplings, in particular f"/WW
•yZWW and rfZZ [63].

20

150

Figure 17: Three vector-bosons cross sections. The applied cuts are cos 8tv > 15" (V = W*, Zf)
and cos8vv > 10°. as well as a cut on plj- > 10 GeV.

The cross-sections for the production of three vector bosons are shown in Figure 17, where
(generous) angular cuts cos0.y > 15° (V = W*,Z~i) and cos 0yy > 10°, as well as a cut on
fT > 10 GeV, have been imposed to avoid backgrounds. The WW-f cross section increases very
sharply near 170GeV (just above threshold) but LEP2 has barely enough energy to produce
these final states with healthy statistics. One must therefore strive for the highest possible
energy in order to increase the statistics. Furthermore, the sensitivity to anomalous couplings
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also rises with energy. Estimates using the above cuts have shown that even with a centre-of-
mass energy of 230 GeV, one would need a two-orders-of-magnitude increase in precision to
reach the level needed to test New Physics.
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1 Introduction

LEPl has performed a gigantic task in testing QCD predictions. In this it has benefited from the
very large statistics available, the substantial lack of background, and the fact that initial state
radiation plays only a minor role on the resonance. At LEP2, QCD tests are more challenging.
Initial state radiation is very important, there is a WW production background, and statistics
are somewhat limited. In fig. 1 we show the annihilation cross section as a function of the centre
of mass energy. The figure reports the Born cross section for the production of hadronic final
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Figure 1: Hadronic cross sections as a function of the centre of mass energy.

states through the Z/f annihilation process, and the same cross section with the inclusion of
the initial state radiation. This increases the cross section considerably above the Z resonance
due to the e+e~ —» Zf process, in which the hadronic system has an invariant mass equal to
the mass of the Z boson. In the figure we also show the hadronic cross section at a fixed £ m , as
a function of a lower cut Emt on the invariant mass of the hadronic system (dot-dashed line).
With Emt = 0 this cross section coincides with the value of the dotted line at 175 GeV. As
the cut is increased above the Z mass, the cross section drops suddenly, and it approaches the
partonic cross section at 175 GeV. As the cut approaches 175 GeV the cross section vanishes,
but it is quite clear that if we allow for few GeV of initial state radiation, its value is very
close to the Born cross section. Assuming therefore a 20 pb cross section, with an integrated
luminosity of 500 pb"1 we expect 10000 hadronic events. From the figure we see that the W
background is not a negligible one, and further cuts should be imposed to get rid of it. From
statistics alone, the error on a measurement of the total hadronic cross section is 1%. Since
0tot = "tot (1 + <*•/*• + •••)> W« would expect a 25-30% error on a determination of a, from the
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hadronic cross section, not including systematics. Therefore, a useful measurement of a, from
the total cross section will not be possible at LEP2. Instead, it will be possible to determine a.
from jets. The rule of thumb in these cases is that we expect most events to be two-jet events, a
fraction a, of three-jet events, and a fraction a,2 of 4-jet events. With 10000 hadronic events,
we would have 1000 three-jet events, which will allow us to determine a, with a statistical
precision of 3%. Assuming that a.(Mz) = 0.123, we expect <*,(175 GeV) = 0.112, a 10%
variation. It seems therefore possible to see the running of a, between LEPl and LEP2.

A large fraction of this report will be dedicated to the problem of measuring a, from jets at
LEP2. In Section 2 the relevant experimental aspects of event selection and background cor-
rections will be dealt with. In the Sections 3 and 4 the present status of theoretical calculations
for jet shape variables will also be given.

Using the large number of hadronic events, studies of particle spectra will certainly be
possible. Section 5 is dedicated to fragmentation function studies at LEP2. The study of
fragmentation functions is a relatively recent topic at LEPl. Measurements of the various
components of the quark and gluon fragmentation functions have been performed at LEPl,
and they allow us to make an absolute prediction for the fragmentation function at LEP2
energies, and also for the fragmentation function in W decays. We will see that it is very
difficult to see scaling violation effects from LEPl to LEP2. It is nevertheless important to
measure the fragmentation function to check for the consistency of the whole approach, since
important assumptions are often made when performing the fit (for example, flavour SU(3)
symmetry). A study of scaling violation towards the small x region has not yet been performed
even at LEPl, mostly because of the lack of a complete theoretical calculation. We will present
the relevant theoretical ideas in Section 5.3.

Section 6 will be dedicated to the measurement of particle multiplicities at LEP2. QCD
makes a prediction for the energy dependence of the multiplicity, and for the shape of the mul-
tiplicity distribution, based upon the assumption known as local paxton-hadron duality. The
measurement of the multiplicity in heavy-flavoured events has recently received some attention,
and will also be considered here. Based again upon the idea of local parton-hadron duality,
QCD predicts many features of the small-i particle spectrum and correlations. Section 7 will
deal with these topics.

2 Event Selection and Event Shapes - Experimental1

2.1 Introduction

A number of interesting studies of QCD may be performed at LEP2 using Z°/7 -+ qq events.
Although the number of events will be much smaller than at LEPl, it may be sufficient to

'The present Section is mostly work of D. Ward, including contributions from S.Bethke, G.Cowan, D. Lanske,
and C.Padilla.
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explore aspects of the energy evolution of QCD. In this study we focus on the determination
of a,. The value of a,(Mz<>) has been determined using a number of techniques involving jet
rates and event shape observables at LEP1[1, 2, 3, 4, 5, 6, 7, 8] and at SLD [9]. For example,
using a combination of resummed next-to-leading log (NLLA) and O(a\) QCD calculations,
an average measurement of

<*.(Mzo) =0.123 ±0.006

was obtained [10]. Taking the typical centre-of-mass energy at LEP2 to be 175 GeV, we may
expect the value of a, to be reduced to 0.112. Although the change in a, is not great compared
to the uncertainty on the LEP1 measurement, it should be noted that the error at LEP1 is
predominantly theoretical in origin, and thus may be largely correlated between LEP1 and
LEP2. We may therefore hope to make a useful measurement of the difference in a, between
the two energies.

The experimental difficulties at LEP2 are somewhat different from those at LEP1. At LEP1
hadronic Z° decays could be readily identified with efficiencies in excess of 98%, and with
negligible background. At LEP2 there are extremely large radiative corrections, and W+W~
events may contribute a significant and troublesome background. Therefore, in Sect. 2.2 we
investigate the problems of selecting a sample of non-radiative Z°/7 —* qq events, and discuss
the extent to which these selection procedures may bias the events selected.

It will turn out that the events which may be selected most cleanly are those nearer to
the two-jet region. Multi-jet events are much more susceptible to contamination from W+W~
events. Since statistics are also meagre, and most of the events lie in the two jet region, this
suggests that techniques based on the resummed NLLA QCD calculations will be most effective
in determining a,, since these calculations are expected to describe the two-jet region best. We
have therefore focused on those event shape variables for which complete resummed NLLA
calculations are available, namely Thrust (X), heavy jet mass (MB), total jet broadening (BT)
and wide jet broadening (Bw) [11]- We also examine jet rates in the Durham jet-finding scheme,
for which NLLA calculations are available - specifically the observable ^ 3 which is the value of
jta,( at which the event changes from two- to three-jet. All these variables are discussed in, for
example, Ref. [7]. The next-to-leading order calculation [12] for j4f' as used so far by the LEP
experiments was known to be incomplete. Recently, however, a more complete calculation has
been presented [13]. We have not yet studied this new calculation, for compatibility with the
existing LEP1 results. Resummed calculations are also now available for the C-parameter [14],
though they are not yet published, and are therefore not discussed here.

2.2 Selection of Z°/7 -> qq events

The discussion here will be based on events generated with PYTHIA [15] version 5.715, with
hadronization parameters tuned to LEP1 data [16]. The examples given below will relate to
events processed through the OPAL detector simulation, but it is to be expected that similar
results would hold for the other experiments. The cross-sections predicted for ZP/y —* qq events
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and for the principal source of background W+W~—>qqqq are as follows:

Reaction
e+e"
e+e"
e+e"
e+e"

- » w + w -
-» Z°/ 7 -

-, Z»/7 -

— * •

qq
qq
qq

qqqq

; EZ •
< 30 GeV
< lGeV

Cro
161 GeV

1.69
149.6
39.0
26.1

ss-section /
175 GeV

6.34
116.8
29.9
20.0

pb
192 GeV

7.92
90.6
22.4
15.1

The Z°/7 -+ qq cross-section is also given for two cuts on the amount of energy lost in initial
state radiation. The useful cross-section for QCD studies is the non-radiative cross-section. The
cut at 30 GeV corresponds roughly to the minimum in the hadronic mass spectrum dtrfdMh
between the non-radiative process and radiation down to the Z° pole. Unless otherwise stated,
the results shown relate to 175 GeV.

It is helpful to consider the selection of Z°/7 -+ qq events in two stages. In stage I we
remove the leptonic and highly radiative events, and the W+W' -*qqtvi events, mainly using
cuts on multiplicity and energy/momentum balance. These cuts introduce rather little bias
into the Z°/7 —• qq event sample. The stage II cuts are to remove W+W~—»qqqq events, and
are more problematic, since they turn out to bias the selected Z°/7 —> qq sample significantly.

Typical stage I cuts would be as follows:

• Require |cos#r| < 0-9 to ensure reasonable containment of the event, where 9T is the
polar angle of the thrust axis.

• Require the number of charged tracks to be Nch > 6 to remove purely leptonic events.
This cut causes a negligible loss of Z°/7 —• qq events.

• In Fig. 2 we plot R^, against Rmu, for various classes of events, where .R^, is the visible
energy scaled by the centre of mass energy Ec.m., and iln,,-,, is the missing momentum
scaled by Ec.m.. It is desirable to have the best resolution on the visible energy and
missing momentum, which involves using an algorithm to combine the information from
the charged tracks, electromagnetic and hadronic calorimeters so as to reduce double
counting. We note that the non-radiative Z°/7 —> qq events and the W+W~—>qqqq events
are peaked around R^u = 1 and Rmi,. — 0. The W+W~—»qqfty events, and most of the
radiative Z°/7 —• qq events lie away from this point. Typical cuts are shown by the lines
in Fig. 2.

• Fig. 2(b) reveals a group of radiative Z°/7 —» qq events having R^, ~ 1 and Rmi.s ~ 0.
In these events, the radiative photons are detected in the electromagnetic calorimeter.
Such photons may be identified using standard criteria on lateral shower shapes. The
cluster should also be required to be be isolated, for example by demanding that within
a cone of half angle 0.2 rad centred about the cluster less than 1 GeV is observed. If
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Figure 2: Plots of R^. against /Ci . . for (a) Z°/7 -+ qq events having less than 30 GeV initial
state radiation (b) Z°/7 —• qq events having more than 30 GeV initial state radiation (c)
W+W"-+qqqq events (d) W+W"-»qqftv events. The lines show typical cuts. These plots are
at Em = 175 GeV, though they are only weakly energy dependent.
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the energy of the most energetic cluster satisfying the above criteria exceeds 0.6 x p7 , the
event is rejected. Here, p7 is the expected photon momentum in an e+e~ —* Z°7 event,

The cross-sections for the various channels of interest before and after these stage I selection
cuts are listed in table 1. Hence, at Ecm = 175 GeV, in the region |cos0r| < 0.9, the stage I

Zu/7
Z u / 7

Zu/7

Channel

- • qq (Ei
-* qq (Ei,
- » q q (Ei.
W + W " -
w+w--

tr <

, <

, >

•qq

1
30
30

+qqqq

GeV)
GeV)
GeV)

Cross-section /pb
|cos0 r | <0.9

17.90
26.68
73.37
5.88
6.08

Cross-section
after stage I

16.51
23.99
1.07
0.06
5.74

/pb
cuts

Table 1: Cross-sections at E^ = 175 GeV, based on PYTHIA.

cuts accept 92% of the non-radiative Z°/7 —• qq events, whilst accepting only around 1.5%
of the radiative Z°/7 —> qq events and W+W~—>qq&7 events. The W+W~—>qqqq events are
accepted with high efficiency. The corresponding figures at 192 GeV and 161 GeV are essen-
tially the same. Backgrounds from two-photon events, Ze+e~ and Wei/ final states have been
examined, and appear to be negligible. ZZ—•qqqq does contribute, but at a much lower rate
than W+W~—»qqqq, with similar characteristics.

The main feature which distinguishes the W+W~—»qqqq events (and also the much smaller
contribution from ZZ—»qqqq) from the Z°/7 —* qq events is that the former contain four quarks,
and thus generally have four or more jets, and are therefore less collimated. Furthermore, the
invariant masses of appropriate pairs of jets should equal the mass of the W boson. We have
examined the use of the following variables in separating these event classes:

• The "narrow jet broadening", BN. The event is divided into two hemispheres, S±, by
the plane orthogonal to the thrust axis, ny. In each hemisphere, the quantity B± =
S»e5± \Pi x "r l /2]£; |p,-| is computed, where the sum in the denominator runs over all
particles, whilst that in the numerator runs over one hemisphere. B^ is defined by

• The scaled "light hemisphere mass", Mi/E^,. The event is divided into two hemispheres,
S±, by the plane orthogonal to the thrust axis, and the invariant mass of each is computed,
M±. Then, ML is defined by ML = min(M+,M-).

* The value of y^
scheme, J44 .

at which the event changes from 3-jet to 4-jet in the Durham jet finding
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• Using the Durham jet finder, the event may be forcibly reconstructed as having four
jets. The invariant masses of pairs of jets may be formed, from which we define the
variable D2 = min [{Mij — Mw)2 + (MM — Mw)2) where the minimum is taken over the
permutations (ij;kl) = (12; 34), (13; 24), (14; 23). Various ways of scaling the jet energies
in order to improve the W mass resolution have been considered in connection with the
W mass determination, but have not been used here.

In Fig. 3(a) we show the distributions of Bp? for non-radiative Z°/7 —» qq events (Ei,r <
1 GeV) and for W+W~—»qqqq events, after the stage I cuts. In order to judge the correlation

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
B N

Figure 3: (a) Distributions (at 175 GeV) of BN for Z°/7 -> qq events having less than 1 GeV
initial state radiation (open histogram) and for W+W~—»qqqq events (shaded) (b) average
values of (1 — T), Bw and jfo (scaled by their overall mean values) as a function of Bm

between Bs and the observables which we would wish to use for the determination of a, we
show in Fig. 3(b) the average values of (1 — T), Bw and t/2S (normalized to their overall
mean values) for non-radiative Z°/7 —• qq events as a function of Bif. It is evident that the
W+W~—»qqqq contribution can be reduced to almost any level desired by cutting on Bpt, but
at an increasing cost in bias, and a corresponding loss in statistics. Generally, ML and y3i
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show similar behaviour to Bft. The D2 variable offers a less clean separation between the
Z°/7 -+ qq and W+W~—>qqqq events, but it appears that it may introduce somewhat less, or
different, bias, and may thus be complementary.

These observations may be quantified in table 2 below, where we show the effect of various
possible stage II cuts on the Z°/7 —* qq non-radiative signal and the W+W~ —*qqqq background.
We give the average values oil -T, Bw and j/^f ** *& indication of the bias caused by the
cuts. We note that the stage I cuts cause only a small bias. We show several possible cuts

Cut(s)

|cos0r| < 0.9
Stage I only
BN <0.07
BN <0.06
BN <0.05
BN <0.04
ML <0.175
yg* <0.0065
D2 >300 GeV2

D2 >600 GeV2

D2 >600 GeV2 and BN <0.06
D2 >300 GeV2 and BN <0.05
BN - \/52/2000 < 0.03

<r/pb
17.90
16.51
15.73
15.27
14.53
13.26
15.26
15.34
14.17
12.25
11.71
12.79
13.84

Z°/ 7 -> qq(i
< \-T>

0.0598
0.0587
0.0528
0.0504
0.0474
0.0433
0.0504
0.0501
0.0543
0.0504
0.0460
0.0457
0.0451

5,v < 1 GeV)
<BW>
0.0708
0.0701
0.0668
0.0653
0.0632
0.0601
0.0656
0.0644
0.0667
0.0638
0.0613
0.0615
0.0612

< V23 >
0.0196
0.0195
0.0169
0.0160
0.0149
0.0133
0.0161
0.0156
0.0164
0.0140
0.0124
0.0132
0.0137

W+W--*qqqq
o- /pb
6.08
5.74
1.34
0.87
0.50
0.24
1.37
0.88
1.90
0.89
0.24
0.24
0.25

Table 2: Cross-sections at 175 GeV accepted after the Stage I cuts, and after various possible
Stage II cuts. The average values of various relevant observables are also shown, to indicate
the level of bias introduced.

on the B/f variable. The background from W+W —>qqqq may be reduced, for example, to a
level of 4% with an efficiency for selection Z°/7 —> qq events of 82%. However, the sample of
Z°/7 —» qq events accepted is strongly biased. The bias, as measured by the mean value of the
observable, tends to be greatest for 3/23 and smallest for Bw We show similar results for cuts
on Mi and j / 3 4 , where we have chosen cuts which yield roughly the same Z°/7 -+ qq efficiency
as the Bfr < 0.06 cut. Cutting on ML is less effective than Bfi at removing W+W~—>qqqq
background, while a cut on y |4 ' gives essentially the same performance as Bn- The cut on
D2 > 600 GeV2 yields the same W+W~-»qqqq contamination (7%) as the BN < 0.06 cut,
but for a significantly lower Z°/7 —* qq efficiency (69% compared to 85%). Using D2 yields a
somewhat smaller bias on 1 — T, but the bias on j ^ f is a little greater. The two observables Bn
and D2 are not strongly correlated (whereas, for example, Bf/ and ML are highly correlated),
suggesting that a joint cut on the two variables could give better separation. Examples are
given in Table 2. The W+W~—»qqqq background may, for example, be reduced to around the
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2% level for a Z°/7 —• qq efficiency of almost 80%, with somewhat less bias than a cut on Bf/
alone. The precise cuts chosen for the separation of Z°/7 -+ qq and W+W~—»qqqq events may
therefore need to depend on the analysis being performed - whether a high purity is demanded,
or whether a comparatively unbiased sample is required.

In Fig. 4(a) we show the distributions of a typical observable which may be used for the
determination of a,, (1 — T), after the stage I cuts. We compare the 7I°/J —* qq non-radiative
(£;„. < 1 GeV) signal with the W+W~—>qqqq background. In Fig. 4(b) we show the same
distributions after the stage II cuts, taking Bn < 0.05 as a typical stage II cut. As expected,

0.05 0.1 0.15 0.2 0.25 0.3

Figure 4: (a) Distributions (at 175 GeV) of (1 - T) after the stage I cuts. Z°/7 -+ qq non-
radiative (Ei,r < 1 GeV) events are shown as points with errors, and W+W~—+qqqq events by
the shaded histogram, (b) as (a), after applying the stage I cuts and the stage II cut Bpt < 0.05.
(c) Biases to the distribution of (1 — T). The stage I cuts and the stage II cut Bjv < 0.05 are
applied. The closed points show the fraction of Z°/7 —> qq non-radiative (Ei,T < 1 GeV) events
accepted after cuts. The open points show the ratio of all accepted Z°/7 —» qq events after cuts
to non-radiative {Ei,T < 1 GeV) Z°/7 —» qq events before cuts.

the background tends to be concentrated toward large values of (1 - T), i.e. the region of
hard gluon emission in the Z°/7 —> qq reaction. The two-jet region of the Z°/7 —• qq process
is relatively free of background. Other stage II cuts give similar results. In Fig. 4(c) we show
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the efficiency of the stage I+II cuts, taking BN < 0.05 as a typical stage II cut, as a function
of the (1 - T), for Z°/7 —» qq non-radiative (Eitr < 1 GeV) events (solid points). As expected,
the cuts bias against large values of (1 — T). In Fig. 4(c) we also show as open points the ratio
of the distributions of all accepted Z°/7 —+ qq events (including radiative events) to those of
the non-radiative events before selection cuts. In general the effect of initial state radiation is
to bias the distribution towards higher values, but this is counteracted by the tendency of the
cuts to reject events with high values of the observables. The net effect is that the distribution
of the accepted radiative Z°/7 —> qq events is quite similar to the distribution of non-radiative
events before cuts, and so the ratios in Fig. 4(c) are increased roughly uniformly. Other stage
II cuts give similar results, though the efficiencies may be systematically higher or lower.

2.3 Determination of as

Before comparing with QCD calculations, the observed data must be corrected for the effects
of detector resolution, the acceptance of selection cuts and the effects of background (Fig. 4).
The influence of hadronization must then be accounted for, and one standard way of doing this
is to multiply the corrected hadron level data by the ratio of the parton level to hadron level
distributions from a Monte Carlo model. In Fig. 5 we show these ratios for (1 — T), based on
JETSET7.4, at 175 GeV (LEP2) and 91.2 GeV (LEP1). We note that the correction factors

Figure 5: Hadronization corrections for the distributions of (1 — T).

at LEP2 are significantly closer to unity, especially at small values of (1 - T), corresponding
to the two-jet region. Similar comments apply to the other observables. A requirement for a
credible analysis is that the correction factors be not too far from unity.

In this study, we investigate three types of QCD calculations, which may be used as the
basis of a measurement of a, from event shape variables. These are:

O(a\) The QCD matrix elements, expanded as a power series in a, are fully known to O{a\) [17].
From previous studies at LEP1 we know that these calculations are applicable in the "3-
jet" region, i.e. the region dominated by hard gluon radiation. A significant uncertainty
in applying the O(a]) calculations is the choice of renormalization scale, /t, represented by
xll = ii/Ec.m.. The region over which the data can successfully be fitted can be extended
further into the 2-jet region by choosing a small value of xM ~ 0.1 (typically).
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NLLA In the 2-jet region, the expansion in powers of a, is bound to fail, because large
logarithms arise associated with collinear and soft gluon emission. In this region, "NLLA"
calculations are available which resum the leading and next to leading logarithms to all
orders in a,. It has been shown in ref. [8] that such calculations may be used to derive a,
at LEP1, but that it is necessary also to include a sub-leading term of the form Gti<x*L
in order to achieve a good description of the data.

Combined NLLA+C(aJ) The most complete embodiment of our present knowledge of QCD
comes from combining the O(a\) and NLLA calculations. It is necessary to match the
calculations in such a way as to eliminate double counting of terms, and there are several
ways of doing this. These have been studied at LEP1, based on which we choose the
"In R" matching scheme for the present work.

To assess the range of validity of these calculations at LEP2 we proceed in the following
empirical manner. We have generated distributions of the five observables, (1 — T), MH, BT,
Bw and y$\ at the parton level, using the JETSET7.4 parton shower model without initial state
radiation. We can assume that the data, after correction for detector acceptance, the effect of
selection cuts and background, and hadronization, would closely resemble these distributions.
For each observable, we then determine the largest range for which the theoretical calculations
reproduce those from JETSETwith an acceptable x 2 /DOF. The results are summarised in
Table 3. We note that the O(a\) calculations may (in most cases) be extended to lower values
of the observables by fitting z,,. The NLLA or combined calculations allow a description down
to still lower values, but, particularly in the case of the pure NLLA calculations, the higher
values of the observables are less well modelled. The NLLA and combined calculations for Bw
tend to give a rather poor description of the JETSET "data" (as seen at LEP1). The pure NLLA
calculations are not applied to y23 , since they are known to be incomplete, and in fact yield a
poor fit to the JETSET distributions.

Observable
(1-T)

MH
BT

Bw
J.D)
3*23

O(a\) («M=1)
0.09-0.3
0.20-0.55
0.11-0.3
0.06-0.26
0.015-0.2

O{a\) (*„ fitted)
0.05-0.3
0.14-0.55
0.10-0.3
0.06-0.26
0.005-0.2

pure NLLA
0.02-0.17
0.10-0.35
0.05-0.18
0.02-0.12

-

Combined 0[a,2)+NLLA
0.02-0.3
0.14-0.55
0.05-0.22
0.05-0.17
0.005-0.2

Table 3: Approximate ranges of applicability of various types of QCD calculation.

If, for example, we require that the hadronization corrections lie between 0.8 and 1.2, that
the Z°/7 —* qq acceptance be greater than 50% and that the W+W~—»qqqq contamination
be less than 50%, the regions where the data can be used reliably would be roughly 0.03-0.2
for (1 - T), 0.15-0.4 for MH, 0.06-0.2 for BT, 0.03-0.18 for Bw and 0.005-0.09 for yg\ By
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comparison with Table 3 it is evident that the regions in which reliable data may be obtained
are best matched by the regions in which the combined NLLA+O(aJ) calculations are valid.
Since these are also the most complete calculations, this would appear to be the most promising
approach.

We next assess the precision on a, which could be achieved using 500 pb"1 of data at
LEP2. In order to do this, we take the JETSET7.4 parton level distribution, with statistical
errors corresponding to this integrated luminosity (approximately 6500 Z°/7 —* qq events).
We then fit the QCD theory to infer a,, fitting in the range of the observable given by the
overlap of the ranges in Tables 3 and the regions where reliable data may be obtained. A
typical fit (of the £>(a*)+NLLA calculations to (1 - T)) is shown in Fig. 6. We find that

10 -

1 r

10 -

a, -0.1104± 0.0014

0.05 0.1 0.15 0.2

TH

0.25 0.3 0.35

Figure 6: Typical fit of the£>(a2)+NLLA QCD calculations to (1 - T) in order to determine
a,. The dotted lines delimit the fit region.

the O(al) calculations yield typical statistical errors of ±0.0024, which are larger than the
NLLA and combined C?(aJ)+NLLA calculations (typically ±0.0015) because the former are
only applicable towards the 3-jet region, where the few events are found. It also appears that
the statistics are generally insufficient to permit a precise determination of the scale factor zM

for the O(a\) fits. The pure NLLA and combined 0(a2)+NLLA calculations both appear to
be competitive, and offer the possibility of measuring a, with a statistical precision of around
±0.0015. For the event shapes (1 - T), Mg, BT and Bw, the NLLA tend to yield smaller
values of a,, and the O(a\) calculations larger values; the same trend was noted at LEP1 [8].

As at LEP1, the combined O(a|)+NLLA method will probably be the preferred technique,
because it represents the most complete theoretical calculations, and allows the largest fraction
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of the data to be included in the analysis. For the discussion of possible systematic uncertainties,
we therefore focus on these calculations. In ref. [7], for example, a wide range of systematic
effects were investigated. The largest contribution was found to arise from variation of the
renormalization scale factor xM. Other significant effects arose from varying the hadronization
model, particularly from the use of the HERWIG model, and from the influence of b-quark mass
effects. We have estimated the systematic errors resulting from these effects at 175 GeV, and
compared with the LEP1 experimental results.

• The renormalization scale factor is varied in the range 0.5< x,, <2.0. The changes in a,
are highly correlated with those at LEP1, though about 20% smaller on average. If we
assume that it makes sense to choose the same scale factor at LEP2 as at LEP1, then
the effective systematic uncertainty on the change in a, between LEP1 and LEP2 would
be about ±0.0015 for (1 - T), ±0.0025 for MH, ±0.0015 for BT, ±0.0005 for Bw and
±0.0003 for yifl

• The influence of b-quark mass effects may be crudely accounted for by basing the parton
level distributions in the correction procedure only on udsc quark events. At LEP1 this
correction was found to increase a, by about 0.002 for most observables. Not surprisingly,
the effect is much smaller at LEP2. However, the relevant point is the difference between
the LEP1 and LEP2 uncertainties, which is of the order of 0.002 (somewhat larger for BT
and smaller for MR).

• The HERWIG model offers a quite different hadronization scheme from JETSET. Since
the hadronization corrections are smaller at LEP2 than at LEP1, we would expect the
uncertainty associated with the use of different models to be reduced. This is generally
the case, but the correlation between the HERWIG uncertainties at LEP1 and LEP2 is
unclear. This is partly because different fit regions have been used, and also different
versions of the models. Clearly, in order to establish a reliable systematic uncertainty on
the difference in a, between LEP1 and LEP2 it would be necessary to make a more careful
analysis using consistent versions of the models at the two energies. For some observables
at least (e.g. Bw and y^3 ) it seems plausible that the hadronization uncertainty could
be quite small.

In summary, it appears that systematic errors would not preclude making a useful measure-
ment of the difference in a, between LEP1 and LEP2. The renormalization scale uncertainty
seems to be comparable with or smaller than the statistical error. The uncertainty associated
with b-quark mass effects could perhaps be reduced by further analysis and theoretical work.
The uncertainties associated with the choice of hadronization models are less clear; it may
be necessary to reanalyse the LEP1 data using the same models and parameter sets as em-
ployed in the LEP2 analysis, and the same fit regions, in order to minimise the uncertainties.
Nonetheless, it seems that the systematic errors could be quite small, for some observables at
least (especially Bw and y^3 , according to our study). It may be noted that recent studies of
non-perturbative (power) corrections to the mean values of event shape observables [18] suggest
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that certain observables or combinations of observables might be expected theoretically to have
especially small hadronization uncertainties (e.g. yif' or T — 2C/3n [19]).

3 Event Shapes - Theoretical2

Since the completion of the Yellow Report for LEP1 [20] much progress has been achieved
in the theoretical calculations of shape variable distributions. A technique of resummation of
contributions enhanced near the two-jet region has been studied and fully implemented in refs.
[22, 11, 12, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Furthermore, new calculations of shape variable
distributions (implemented as computer code) have become available.

Calculation of shape variables are all based upon the original work of ref. [17]. This calcu-
lation was also performed in ref. [21]. Although the analytic results did agree, several problems
where found in the comparison of numerical results (see ref. [20] for a small review). While
at the time of ref. [20] it was hard to find precision calculations of jet shape distributions
that agreed with each other, today we have at least three general purpose programs that do
agree. One, the program EVENT, was developed for ref. [20]. Results of shape variables dis-
tributions performed with this program are reported there, and have served as a benchmark
for comparison with other computations. In ref. [36] a new computation was performed, which
agrees with good accuracy with ref. [20]. Furthermore, very recently, yet another calculation
was completed [37]. In ref. [37] also oriented events are implemented, and apparently they will
also be implemented in ref. [36]. This means that it will be possible to compute distribution
of shape variables that do depend upon the orientation of the incoming beams axis, unlike all
shape variables that where used up to now (see the next section).

The most disturbing disagreement on shape variables was found to be on the Energy-Energy
correlation (EEC). The computation performed in ref. [34] was found in important disagreement
with other calculations, and in particular with ref. [20]. Recently, in ref. [35] the calculation
of ref. [34] was repeated. The result of the new calculation was found in disagreement both
with the result of ref. [20] and with ref. [34]. No clear statement is made in ref. [35] upon the
origin of the discrepancy. It is however claimed that the disagreement comes from the region
in which besides the quark-antiquark pair, two soft gluons have been radiated. The EEC is
in fact peculiar, in the sense that even configurations with thrust near 1 can contribute to the
EEC at angles far away from 0 and ir. Because of the lack of a more complete theoretical
paper form the authors of ref. [35], we thought that the most useful thing to be done for the
present report is to perform a high-precision comparison of the different computations of the
EEC, that can serve as benchmark for future calculations. In order to achieve high precision,
instead of computing the EEC itself as a function of the angle, we computed its moments. The

3Written by P. Nason, including contributions of M.H. Seymour, N. Glover and K. Clay.
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energy-energy correlation is defined as

We define

jp JP

—'—*-S(pi-ft-cos x)-
E*

cos"x

(1)

(2)

>). (3)

We then asked K. Clay (C), N. Glover (G), M. Seymour (S), and the author (N), to compute
B(m,n)) B(m'n>, £<,"•"> with the programs of ref. [35], [36], [37] and [20] for TO = 0, . . . ,5 and

n = 0,1. All four computations agreed within errors for the Bj? term. In the other two cases
we found disagreements. The results are reported in tables 4 and 5.

where a, = a,(£cn>). The coefficients B ^ j ' have the following colour structure

jfm.n) . ^ n(m,n)

m
0
1
2
3
4
5
0
1
2
3
4
5

n
0
0
0
0
0
0
1
1
1
1
1
1

N
50.82 ± 0.05
35.76 ± 0.04
28.94 ± 0.03
24.92 ± 0.03
22.20 ± 0.03
20.21 ± 0.03

-6.468 ± 0.006
-2.356 ± 0.004
-1.189 ±0.003
-0.714 ± 0.003
-0.478 ± 0.003
-0.344 ± 0.003

G
50.54 ± 0.03
35.53 ± 0.02
28.75 ± 0.02
24.75 ± 0.02
22.05 ± 0.02
20.07 ± 0.02
-6.50 ± 0.01

-2.365 ± 0.009
-1.194 ± 0.008
-0.718 ± 0.007
-0.479 ± 0.007
-0.344 ± 0.006

S
50.72 ± 0.02
35.64 ± 0.02
28.82 ± 0.02
24.80 ± 0.02
22.09 ± 0.02
20.10 ± 0.02

-6.455 ± 0.005
-2.344 ± 0.003
-1.177 ± 0.003
-0.702 ± 0.003
-0.466 ± 0.003
-0.331 ± 0.003

C
46.4 ± 0.2

32.09 ± 0.06
25.73 ± 0.04
22.03 ± 0.04
19.54 ± 0.04
17.74 ± 0.03
-6.0 ± 0.15

-2.15 ± 0.03
-1.06 ±0.02
-0.62 ± 0.01
-0.41 ± 0.01
-0.28 ± 0.01

Table 4: Comparison of different computations of the B^^ coefficients.

It is clear that the results N, G and S agree with each other with high accuracy, while C
is seriously different. Observe that, although for all practical purposes N, G and S agree with
each other, there are among them discrepancies of several standard deviations. We attributed
these differences as an underestimate of the errors, rather than to a real difference in the
calculation. More details on the different characteristics of the three computer codes are given
in the generator's section [38].
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m
0
1
2
3
4
5
0
1
2
3
4
5

n
0
0
0
0
0
0
1
1
1
1
1
1

N
-13.29 ±0.01
-5.09 ± 0.01
-2.98 ± 0.01
-2.11 ±0.01
-1.65 ±0.01
-1.36 ± 0.01
4.906 ± 0.002
0.240 ± 0.002

-0.383 ± 0.002
-0.458 ± 0.002
-0.428 ± 0.002
-0.381 ± 0.002

G
-13.94 ± 0.05
-5.38 ± 0.04
-3.20 ± 0.03
-2.29 ± 0.03
-1.81 ± 0.03
-1.51 ± 0.03
4.92 ± 0.01

0.259 ± 0.008
-0.367 ± 0.006
-0.445 ± 0.005
-0.417 ± 0.005
-0.371 ± 0.004

S
-13.40 ±0.05
-5.14 ±0.04
-3.02 ± 0.03
-2.14 ± 0.03
-1.67 ± 0.03
-1.39 ± 0.03
4.892 ± 0.006
0.232 ± 0.004

-0.386 ± 0.004
-0.459 ± 0.003
-0.429 ± 0.003
-0.381 ± 0.003

C
7.2 ± 0.2

9.98 ± 0.04
9.55 ± 0.03
8.86 ± 0.02
8.22 ± 0.02
7.69 ± 0.02
2.6 ± 0.2

-0.58 ± 0.02
-0.80 ± 0.01
-0.72 ± 0.01

-0.606 ± 0.007
-0.510 ± 0.006

Table 5: Comparison of different computations of the BQ^ coefficients.

4 Next-to-leading Order Calculations of Oriented Event
Shapes3

At LEP2, it will become increasingly important to be able to cut out some angular regions to
control the backgrounds, and to define event shapes that are invariant under boosts along the
beam direction to study continuum events with initial-state radiation. To make predictions for
such quantities it is essential to use the full matrix elements for e+e" —> qqg, including the full
Z/7 interference and the polarisation of the exchanged boson. Two programs have recently
become available that include these matrix elements, EERAD[39] and EVENT2[37]. These use
completely different methods to implement the cancellation of poles between real and virtual
contributions, as described in [38], but the results are in excellent agreement with each other.

As an example of an oriented event shape we study the thrust distribution as a function of
the thrust axis direction. As usual[20], we parametrize the distribution as

l^ T^dTdcos9
f-t-A{T, cos 9) + ^ - ^ A{T, cos 0)2*6* log £- + B(T, cos 9) \.
lit \ 2TT / [ s J

(4)
The definition of thrust has a forward-backward ambiguity, so we are at liberty to define
cos0 > 0. The leading order term is known analytically[40],

A(T,cos9) = CF [ { 2 ( 3 T 2
~ 3 T + 2 ) log - 3(3T - 2)(2 -T)}« (1 + cos' 9)

'Author: M.H. Seymour
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Figure 7: The coefficients of the thrust distribution for five bins in cos 8, where 8 is the angle
between the thrust axis and the beam. The errors shown are purely statistical and are similar
for each histogram, so we only show them for one.

(5)

Integration over cost? immediately gives us the expression in [20]. Numerical results for A and
B are shown in Fig. 7. Combining these coefficients with an a, value and factorisation scale
choice, a,(fi2 = s) = 0.120, we obtain the predictions shown in Fig. 8a. Alternatively, we can
divide out the trivial dependence on cos 8 by normalising each curve to the number of events
in that bin, given by[40]

where the approximation is good to better than 1%. The result is shown in Fig. 8b, where we
see that the majority of the cos 8 dependence in Fig. 8a was from this dependence of the total
event rate and the residual dependence is rather small. Nevertheless, it should be measurable
with the full statistics of LEP1.

5 Fragmentation functions4

The measurement of fragmentation functions at different energies and the comparison with
the theoretical predictions, either implemented in the Monte Carlo programs or deduced from
other measured data, can be used to perform different QCD tests and to tune the parameters
describing the fragmentation processes inside the Monte Carlo programs.

4Author: C. Padilla.
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Figure 8: Predictions for the thrust distribution for five bins in cos 8 normalized to (a) the total
number of events and (b) the number of events in each bin.

At the energies available at LEP II the scaled energy (x = 2E/*/s) distributions for charged
particles can be measured for qq events in which the mass of the hadronic system is close to
the centre-of-mass energy of the collision. Furthermore, the fragmentation function of the W
boson can also be measured and compared to the expectation that comes from the measurement
of the fragmentation functions for different enriched flavour samples at LEP I, after correcting
for the small scaling produced for the different masses of the Z and the W boson and for the
different flavour composition.

This Section describes how the measurement of the scaled energy distributions can be made
and what can be expected in the measurement of a, from scaling violations.

5.1 Measurement of scaled energy distributions

The measurement of the charged scaled energy distributions will follow the same procedure
used at lower centre-of-mass energies. At centre-of-mass energies of the Z mass, hadronic
events can be selected with very high purity and small backgrounds (coming mainly from r
events). At LEP II centre-of-mass energies, most of the qq events (more than 75%) will radiate
an initial state hard photon such a way that the effective centre-of-mass energy of the collision
will be reduced to below 120 GeV. These events have a high boost along the collision axis and
have to be removed.

The selection of hadronic events will follow a procedure very similar to the one presented in
subsection 2.2. After some minimal requirements on track quality, number of tracks and total
measured energy of these tracks, additional selection variables have to be considered. Good
containment of the events can be obtained with cuts in the sphericity or thrust axis.

Monte Carlo simulations performed in ALEPH, based upon DYMU3 and JETSET, including
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full simulation of the detector response, show that requiring a visible mass of the event above
120 GeV and a normalized balanced momentum of the charged tracks along the beam axis
below 0.3, a selection efficiency of ~ 18% can be achieved. The percentage of selected events
such that the invariant mass of the propagator is below 120 GeV is reduced to approximately
7% with this selection procedure.

The backgrounds from dilepton events are small at this level. However, the background
from WW events could still be substantial. A cut in missing momentum will remove most of
the events in which one of the W has decayed leptonically. The remaining events in which
both W decay hadronically can be removed by considering appropriate shape variables. Events
resulting from the fragmentation of two W bosons will have a four-jet topology that makes
them more spherical than the ones resulting from Z/7 —> qq. In subsection 2.2 a discussion
of the various possible approaches is given. For the case of the measurement of the scaled
energy distributions, a cut on thrust T > 0.925 would be appropriate, since (unlike the case of
shape variables) such a cut does not introduce strong biases in the shape of the fragmentation
function.

The whole selection procedure should result in a cross section for qq events of ~ 11 pb
with less than 1% of events with the effective centre-of-mass energy below 120 GeV and with
a background of WW events below 5%. Assuming an integrated luminosity of 500 pb"1 the
expectation is to have ~ 6000 selected hadronic events.

It can be assumed that the background can be subtracted statistically using Monte Carlo
techniques, and that the distribution is corrected using a hadronic event generator (with param-
eters adjusted to describe the data) for the effects of geometrical acceptance, detector efficiency
and resolution, decays of long-lived particles (with r > 1 ns), secondary interactions and resid-
ual initial state photon radiation. The bin-to-bin correction factors are below 10% using the
selection described above.

Figure 9 shows the Monte Carlo scaled energy distribution for the statistics of 6000 events.
The energies of the particles before detector effects have been used to construct the distribution.
Additional systematic uncertainties coming from possible discrepancies between the real detec-
tor performance and the simulated one and from the dependence on the hadron production
model used to correct the data for detector effects will have to be considered.

The measurement of the W fragmentation function will require the selection of hadronic W
events. The events in which one of the W decays leptonically can be selected using missing
momentum or tagging a high-momentum lepton. The rest of the particles can be used to
determine the momentum of the hadronically decaying W boson and to construct the scaled
energy distribution, after boosting the particles into the rest frame of the parent W boson. In
the case that both W bosons decay hadronically the techniques used in the measurement of the
W mass can be used to unambiguously assign the jets to the corresponding W bosons.
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Figure 9: Scaled energy distribution for hadronic events at a centre-of-mass energy of 180 GeV
according to the JETSET Monte Carlo. The error bars correspond to the statistics of 6000
events.

5.2 Scaling violations: QCD tests

The analysis of scaling violations with the data available at LEP and data from lower centre-
of-mass energy experiments (PEP, PETRA, TRISTAN) has focused on the measurement of
a, [41, 42]. The prediction of scaling violations in fragmentation functions of quarks and gluons
is similar to that predicted in structure functions in deep-inelastic lepton-nucleon scattering.

In an electron-positron collider, scaling violations are observed in the dependence of the
distribution of the scaled energy of final-state particles in hadronic events on the centre-of-
mass energy i/s. This comes about because with increasing i/s more phase space for gluon
radiation and thus for final-state particle production becomes available, leading to a softer
i-distribution. As the probability for gluon radiation is proportional to the strong coupling
constant, a measurement of the scaled-energy distributions at different centre-of-mass energies
compared to the QCD prediction allows one to determine the only free parameter of QCD, a,.
A recent review of the relevant theoretical ideas has been given in ref. [43]. For another recent
theoretical analysis see [44].

A reliable measurement of scaling violations has to disentangle the true QCD evolution
from effects due to the dependence of the flavour composition upon the centre-of-mass energy.
Since heavy flavours, after their decay into light particles, typically have softer fragmentation
functions, when going from centre-of-mass energies below the Z mass towards the Z mass, the
b content increases, and it decreases again when going towards higher energies. To analyse
the data in a model independent way, final-state flavour identification and a measurement of
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the gluon fragmentation function are needed. This procedure has been followed in the analysis
performed in ref. [41], where enriched uds-, c-, and 6-quark scaled energy distributions, together
with the measurement of the gluon fragmentation functions and the longitudinal cross section,
have been used to constraint the fragmentation functions for the different flavours and the
gluon. It was assumed that the fragmentation functions of u, d, and s quarks are the same. In
the analysis presented there, a total of 15 parameters besides a, are fitted to all the available.
The parameters contain information on the fragmentation functions for the different quarks and
the gluon and also a parametrisation of the non-perturbative contributions to the evolution.
The value of the strong coupling constant obtained from this fit is

= 0.126 ± 0.007(ezp) ± 0.006(theory) = 0.126 ± 0.009 (7)

The experimental error is the result of the combination in quadrature of the errors from the fit
(0.0053), the uncertainties in the flavour composition of the enriched scaled energy distributions
and the assumptions on the normalisation errors for those low-energy experiments where this
error is not specified. The theoretical error is estimated by varying the factorisation and
renormalisation scales.

A possible extension of this analysis has been investigated by including the predicted dis-
tribution measured at a centre-of-mass energy of 180 GeV (figure 9). Figure 10 shows the
result of the fit to the scaled energy distributions at three centre-of-mass energies (29 GeV,
91.2 GeV and 180 GeV). The fact that the variations with energy of the fragmentation func-
tions is logarithmic makes the difference between the distributions at 180 GeV and 91.2 GeV
smaller than that between 91.2 GeV and 29 GeV. This is accentuated by the fact that the
flavour composition changes between 91.2 GeV and 180 GeV, in particular the percentage of 6
quarks diminishes when going to energies above the Z pole. Since the fragmentation function
for b quarks is softer, this hardens the inclusive distribution at LEP II energies.

The error in a,(Mz) coming from the fit is not improved by including the distribution
measured at 180 GeV. It was found, however, that with four times the predicted available
statistics, a 10% improvement in this error could be obtained. The conclusion is that the
analysis could serve as another consistency check of the predicted QCD scaling violations.
Improvement in the error on a,(Mz) may come from several sources. A better understanding of
the flavour tagging algorithms used to measure the flavour-enriched distributions could improve
the experimental systematic error. Progress on the theoretical side, for example the extension
of the formalism to describe better the low-z region (see Section 5.3) could also be helpful.

Another consistency check can be performed by using the measured flavour-enriched distri-
butions at the Z peak and the scaling violation formalism to predict the fragmentation function
in W decays. The fragmentation functions obtained from the fit to all data for the different
quark flavours can be evolved to the mass of the W. Then the W scaled energy distribution
can be predicted using the W decay branching ratios for each flavour. Figure 11 shows, in the
continuous line, the prediction that results from this procedure. The points are the W scaled
energy distribution as predicted by the PYTHIA Monte Carlo.
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Figure 10: Result of the scaling violation fit to the distributions at centre-of-mass energies at
29 GeV, 91.2 GeV and 180 GeV.
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Figure 11: W fragmentation function predicted by the PYTHIA Monte Carlo (points), compared
with the QCD prediction resulting from the analysis of scaling violations.

272



5.3 Small-x fragmentation5

In the region of small values of the momentum fraction z, the behaviour of the fragmentation
functions may be significantly affected by phenomena related to the coherence of soft gluon
radiation (for a review of this subject see, for instance, Ref. [46]). These effects are expected to
result in a suppression of hadron production in the small-z (or soft) region, and to modify both
the z-shape and the ^'-dependence of the inclusive single-particle spectrum. In particular, as a
consequence of coherence, when the momentum fraction becomes small the gluon fragmentation
function is expected to peak at a value dependent on the hard scale of the process, and be
damped in the soft region.

From the standpoint of perturbation theory, coherence effects show up as logarithmic cor-
rections O5logm(l/a;) (TO < 2k — 2) to the splitting and coefficient functions which control
the perturbative evaluation of the fragmentation functions. For example, the gluon splitting
function Pgg(as,x) has the small-z behaviour (&s = asNc/n)

Pgg(as,x)~ — - (8)

Small-z logarithms are present to all orders in as, and a systematic way to take coherence effects
into account is to resum these logarithms to the leading accuracy, next-to-leading accuracy, and
so on.

The leading-log results were determined in Refs. [22, 47], and can be best given in the
moment space defined via the Mellin-Fourier transform

/I
= Jo dx x" Pgg(as,x) (9)

and the analogous transform for any other function of z. In the moment space logarithmic
terms appear as multiple poles at u> —> 0, and the summation of the leading contributions
O U*s/U)2*~1) is encompassed by the formula [48]

(10)

The perturbative behaviour of this formula can be obtained by expanding it in the coupling
as- The first terms of the expansion read as follows

ijl U) Ul

where in the O(as) and O{as) terms one may recognize the dominant part at small z of the
standard one-loop and two-loop evolution kernels for the fragmentation functions (see [43] and
references therein), whilst higher-order terms represent corrections due to coherent emission of

'Author: F. Hautmann
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soft gluons. An important feature which can be observed in Eq. (11) is the alternating sign
of the expansion. As a matter of fact, this feature extends to the whole series, and the net
effect of resumming all the leading logarithms turns out to be a damping of the fragmentation
function in the soft region with respect to the lowest-order prediction.

The asymptotic properties of the resummed expression (10) are conversely determined by
its behaviour near w = 0. This is given by

• 0 (12)

Note that the all-order summation of the perturbative poles al/w2*"1 gives rise to a finite result
at w — 0, and introduces on the other hand the non-analytic behaviour in as of the square-root
type.

The summation of the next-to-leading contributions O {ak
slu

2k~2^ has also been performed
[49]. The explicit expression of the next-to-leading correction to Eq. (10) reads

12 6CA
 + \ 4 3CA 3 C\

11 2 Nf
(13)

where fgg denotes the leading term (10), and Nf is the number of flavours. Next-to-leading
contributions do not alter the qualitative behaviour determined by the leading-order analysis,
but provide a O(^a~s) correction to the position of the peak in the gluon fragmentation function.

Phenomenological studies of the soft region of the single-particle spectrum have been carried
out in Ref. [50], on the basis of modified evolution equations which hold in the small-z regime.
The central region of the spectrum, on the other hand, is known to be well described by second-
order perturbation theory. It is therefore important to develop a procedure in which resummed
contributions are consistently matched on to second-order perturbation theory, in order to get
a uniform description of fragmentation over the whole phase space.

6 Charged Particle Multiplicities6

The study of hadron multiplicity distributions in high energy collisions is an important topic
in multiparticle dynamics and is generally undertaken as soon as a new energy domain be-
comes accessible. It has been always considered a valuable tool to test our understanding
of phenomenological approaches to multiparticle production and, in the framework of per-
turbative QCD (MLLA) with assumption of Local Parton Hadron Duality (LPHD) [52], the

"Contributors: F. Fabbri and B. Poll (exp.), Yu.L. Dokshitser and V.A. Khoie (th.)
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average charged multiplicity < nch > and the second binomial moment of the distribution,
ft2 _ <"^~^?>

 t are predicted to evolve with energy [20]. The measurement of the average
charged multiplicity in heavy flavoured events is also of interest to perturbative QCD and a
theoretical discussion on this particular topic is presented in this Section.

6.1 Accompanying Multiplicity in Light and Heavy Quark Initiated
Events

Perturbative QCD approach predicts a suppression of soft gluon radiation off an energetic
massive quark Q inside the forward cone of aperture 0O = MQ/EQ (Dead Cone)[51]. This
phenomenon is responsible for the "leading heavy particle effect" and, at the same time, induces
essential differences in the structure of the accompanying radiation in light and heavy quark
initiated jets. According to the LPHD concept[46], this should lead to corresponding differences
in "companion" multiplicity and energy spectra of light hadrons.

In particular, a solid QCD prediction is that the difference of companion mean multiplic-
ities of hadrons, ANQI, from equal energy (hardness) heavy and light quark jets should be
W-independent[53, 54] (W is the energy available for soft particle production), up to power
correction terms oc MQ/WQ. This constant is different for c and 6 quarks and depends on
the type of light hadron under study (e.g., all charged, ir°, etc). This is in a marked contrast
with the prediction of the so called Naive Model based on the idea of reduction of the energy
scale[55], NQQ(W) = Nqq((l — {XQ))W), SO that the difference of q- and Q-induced multiplicities
grows with W proportional to N(W).

The data[56] for charged multiplicities in 6- and c-quark events are in agreement with the
energy independence of ANQI. AS far as the the value of multiplicity differences is concerned,
an expression for ANQI has been derived within the MLLA accuracy[54] assuming MQ >• A:

ANQl = Nq<,(W) - Nqi(W) = -

One usually consider the directly measurable quantity

l + O (a.(M2)) ] .

8Ql = AN8Ql Ql
ND

(14)

(15)

where JVp is the average multiplicity due to the heavy quark decay. Quantitative QCD expec-
tation for the difference of measured charged multiplicities SQI that includes decay products of
heavy hadrons, based on (14) was obtained in [57]. For 6 quarks, which are only relevant for
LEP2, the MLLA estimate Su = 5.5 ± 0.8 exceeds the experimental value 2.90 ± 0.30.

Recently an attempt has been made[58] to improve eq.( 14), the result of which modification
agreed with the data "significantly better than the original MLLA prediction" (W.Metzger,
[56]). However, the very picture of accompanying multiplicity as induced by a single cascading
gluon, implemented in [58], is not applicable at the level of subleading O(a,) effects (see, e.g.
[46]). Therefore a reliable theoretical improvement of the QCD prediction for the absolute value
of NQI remains to be achieved.
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DELPHI has recently measured[59] the number of TT° in 66 events to be close to that in all
Z° events. The same difference should be there at LEP2.

6.2 Experimental

The main limitations at LEP2 in this kind of study will come from the limited statistics and
the relatively high contamination of events from other physical processes, absent or totally
negligible at LEP I. Hadronic decays of W+W~ pairs and highly radiative Z°/7 —> qq events
are expected to constitute the dominant background. It was shown in subsection 2.2 that
this background can be reduced to a tolerable level, but the selection cuts needed, due to the
particular nature of background events, will inevitably introduce a bias at both low and high
multiplicities.

The present study is based on the analysis of events generated with PYTHIA version 5.715
at three different energies [y/s = 161,175,192 GeV), with hadronization parameters tuned to
LEP1 data [16]. The events were fully processed through the OPAL detector simulation and
reconstruction program chain, but the conclusions drawn here are believed to be practically
the same for the other experiments. The statistics used was large compared to the most
optimistic assumption on the integrated luminosity achievable at LEP2. Following the usual
convention[60], the charged multiplicity is defined as the total number of all promptly produced
stable charged particles and those produced in the decays of particles with lifetimes shorter than
3 • 1O"10 sec. Non-radiative Z°/7 —> qq events were selected following the criteria suggested in
subsection 2.2, in particular we used a combined "stage I" and Bs < 0.06 cut. A further
background reduction was obtained by rejecting events with a Thrust value T < 0.8. The
selection efficiency achieved for non-radiative events, defined as those with an Ei,r < 1 GeV
(see subsection 2.2), was higher than 82% for all the considered energies. Due to detector
acceptance and quality cuts, about 9% of the charged particles, on average, were lost in events
surviving cuts while the predicted unbiased average charged multiplicity (< rach >= 27.3 at
^/J = 175 GeV) is about 14% higher than the observed one. Both those fractions were found
to be practically energy independent. Approximately 33% of the events surviving cuts are
radiative, namely with an Ei^ > 1 GeV, but most of them have Eur < 20 GeV. Background
from W+W~ events never exceeds the 3% level. Residual background from other sources, like
ZZ pairs, single W and single Z production, tau pairs and two-photon events was found to be
negligible.

The observed multiplicity distribution must be corrected for detector effects (acceptance
and efficiency in track reconstruction, spurious tracks from photon conversions and particle
interactions in the material, selection cuts) and for effects induced by the residual background.
In figure 12 we show the bias produced on the charged multiplicity distribution by the presence
of residual W+W~ and radiative events as well as the bias produced by selection cuts. In fig-
ure 12-a we compare two normalized multiplicity distributions as they would appear in an ideal
detector, namely without particle loss and interactions in the material, after event selection.
In terms of real data, they would correspond to detector level corrected distributions including
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residual initial state radiation (i.s.r.). The dotted distribution is relative to the pure qq sample
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Figure 12: Bias from: a) residual W+W ; b) radiative events; c) selection cuts.

which survived cuts, the other distribution (histogram) contains also the residual contamina-
tion from W+W~ events. As it can be seen from the bin-by-bin ratio shown in the bottom
part, the bias due to this kind of background is relatively small. The estimated effect is 1.5%
on < nch > and 0.6% on R2. In figure 12-b a similar comparison is done to estimate the bias
due to the presence of radiative events. Although this kind of contamination is relevant, the
difference between the distribution containing residual radiative qq events (histogram) and the
corresponding distribution for non-radiative events alone (dotted), is marginal. The effect is
negligible on J?2, while on < neh > is similar in size and in the opposite direction with respect to
the one produced by W+W~ events. The bias introduced by selection cuts is important at high
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multiplicity. This can be seen in figure 12-c where the normalized distribution for non-radiative
qq events surviving the selection criteria, (histogram), and the normalized distribution for an
unbiased qq sample, (dots), are compared. In this case the effect on < nch > and i?2 was
estimated to be 3.7% and 1.3%, respectively.

Detector dependent corrections are usually carried out with unfolding matrix procedures
and bin-by-bin coefficients[61]. In general matrices and coefficients are computed with the help
of a very detailed detector Monte Carlo simulation in terms of material distribution, physi-
cal processes which particles undergo when interacting in the material and detector response
to particles traversing the active media. After subtraction of the estimated residual W+W~
contamination, using for example a bin-by-bin correction, and provided one has a reliable sim-
ulation of the initial state radiation process, a global correction for particle loss due to detector
effects is conceivable using a single unfolding matrix, computed from fully simulated events
including i.s.r. The bias produced by event selection and residual i.s.r. can be corrected using
bin-by-bin coefficients.

Considering our estimated selection efficiencies and assuming cross sections and multiplicity
distributions as predicted by Pythia, we show in figure 13-a,b the expected relative statistical
uncertainties on < nc^ > and on #2 as a function of the integrated luminosity, at three different
energies. The integrated luminosities expected at LBP2 are such that statistical uncertainties on

10* Iff1

/Ldt pb"1 /Ldt pb"

Figure 13: Expected relative statistical uncertainties on < nch > and R2.

these parameters should comfortably stay below the 1% level. A sensible estimate of the magni-
tude of systematic uncertainties is difficult at this time. It will be most probably dominated by
model dependent corrections needed to handle residual background and event selection biases.
It is hard to believe it will be smaller than at LEP1 (1 — 2% on < nch >), but an uncertainty
of a factor two higher may not be out of reach. We have fit the average charged multiplicity
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measured above the Upsilon threshold[62] using the most popular parametrisations[63]:

< nch > = a • of • exp(7/v/57)
< nch >=b-sa

< Wcfc >= a + & • In « + c • In2«

where a, b and c are free parameters. The predicted values extrapolated to LEP2 energies,
however, only differ by a 3% or less and it will be not obvious to disentangle among these
models.

We also investigated the possibility to measure the average charged multiplicity in heavy-
quark initiated events. Vertex-tagging methods have been shown to be very effective to select
b-quark samples of high purity, and it is well known that secondary vertices with a relatively
high associated multiplicity are likely to be produced in this kind of events. In the present study
a method recently applied at LEPl[64] was used to analyse events simulated at >/« = 175 GeV.
The method relies on the fact that independent samples of events with a different flavour

10 12 14 1< 18 20
Decoy length significonce

Figure 14: a) Flavour composition vs. decay length significance; b) < ncj, > for the unbiased
event hemisphere vs. b-quark purity.

composition can be selected by requiring events to have (at least) one secondary vertex with
a certain decay length significance, defined as the decay length divided by its error. The
fraction of a given flavour in the sample can be evaluated, as a function of this variable,
from fully simulated and reconstructed events, figure 14-a. In general to a high value of the
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decay length significance corresponds a high probability to tag a b-quark event while at low
significances the samples are predominantly populated by light-flavour events. To minimise the
bias on multiplicity introduced by vertex tagging requirements, each event is divided in two
hemispheres by a plane perpendicular to the thrust axis and the multiplicity is measured only
in the hemisphere opposite to the one containing a secondary vertex, (unbiased hemisphere).
The average charged multiplicity for pure samples of b-, c- and light-quark events is computed
from a simultaneous fit to the corrected average multiplicity of samples selected with different
decay length significance, i.e. with different flavour composition, figure 14-b. More details
about the experimental procedure can be found in[64].

Due to extra selection requirements needed to insure the presence of secondary vertices, the
original sample is reduced by a 30%. A b-tagging efficiency higher than 20% can be achieved
in the highest purity bin. These values are similar to those obtained at LEP1. We studied
the effects induced by the residual background and by the event selection cuts on the average
charged multiplicity, measured in the unbiased hemisphere, as a function of the b-purity. Again
we find that W+W~ and radiative events produce only a marginal effect while the bias produced
by selection cuts is important. The unfolding matrices to correct for detector acceptance,
efficiency and spurious tracks must be calculated for each bin of decay length significance. A
bin-by-bin correction method could be used to unfold residual i.s.r. and selection cuts effects.

In order to estimate the statistical precision attainable in this kind of measurement, we
used the selection efficiencies found in this study and assumed the cross sections as well as
the average multiplicity for different quark flavours, < n, >, predicted by Pythia. The fitting
procedure mentioned above was applied to a high statistics sample of unbiased qq events to
estimate the uncertainty on < n, >.

In figure 15-a we show the expected relative statistical uncertainties on < n, > (q = b,c,light)
as a function of the integrated luminosity. The difference in charged multiplicity between b- and
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to 10s 10*
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Figure 15: Expected relative statistical uncertainties on < nq> and Sqi.

light-quark events, Sa, and between c- and light-quark events, Sd, is shown, taking into account
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correlations, in figure 15-b. One can see that these measurements will be largely dominated
by statistical uncertainties, at least using this method of analysis. A measurement of 5u could
probably be attempted, while a determination of Sd seems to be precluded.

7 Hadron Momentum Spectra as a Test of LLA QCD7

The shape of the momentum spectrum of hadrons produced in e+e~ collisions is successfully
predicted in leading-log QCD (LLA). The LLA family of calculations together with the as-
sumption of local parton hadron duality (LPHD) [52] predict that soft gluons should interfere
destructively due to their coherent emission (or angular ordering), and this gives rise to a
'hump-backed' shape for the momentum distribution. At leading order, the distribution of
ln(l /z) should have a Gaussian form, and this shape is modified to be a Gaussian with higher
moments if next-to-leading order terms are calculated. The position of the peak of the distri-
bution ln(l/io) is predicted in terms of the centre-of-mass energy, and therefore the evolution
of the peak position with energy is well defined. This has been measured at centre-of-mass
energies between 14 and 91 GeV, and the results are in agreement with a theoretical prediction
that includes the effects of coherent, soft gluons. Models for hadron production based on phase
space alone, or incoherent parton branchings predict a peak variation with energy that is twice
as rapid and which is not supported by the data [62] [65].

The increase of centre-of-mass energy afforded by the energy upgrade LEP2, allows the
hadron ln(l/x) distribution to be measured in a new energy regime and provides the opportunity
to further test the evolution of ln(l/xo) from low energies. The energy increase is of the order
of a factor two, so this represents a substantial 'lever arm' when compared to the existing data.
In order to be able to challenge the predictions, the peak ln(l/x0) should be measured to a
precision of less than about 0.1 unit of ln(l/x0).

The detailed shape of the ln(l/z) is predicted in terms of a small (typically three) number of
parameters, and an energy evolution. These parameters have been fixed by fitting to the LEP1
data [66] [65], and they can be used to predict the form of the data at higher energies. Clearly
such a prediction of the shape of the Ln(l/x) distribution constitutes an important potential
measure of the success of the LLA approach to QCD calculations.

The LLA approach has been extended to predict the momentum distribution of pairs of glu-
ons which has commonly been presented in terms of the two particle correlation [67]. This distri-
bution has been measured at LEP1 [65] [68] where it was found that the data were qualitatively,
but not quantitatively described by next-to-leading order predictions. It was subsequently
shown [69] that a satisfactory description of the data was possible if next-to-next-to-leading
order terms with coefficients of order unity were added to the prediction. The study of the
energy dependence of the two particle correlation is interesting as it is predicted solely in terms
of a single free parameter and the energy scale.

'Author: L.A. del Poio
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7.1 Monte Carlo Studies at 175 GeV

Monte Carlo events generated at a centre-of-mass energy of 175 GeV were used to study the
likely precision and limitations of an analysis of hadron momentum spectra at LEP2. Events
were generated using Pythia for the processes e+e~ —> W+W~ —> qqqq and e+e" —» Z°/7 —» qq,
and were subsequently passed through the Opal detector simulation program.

In contrast to analyses at LEP1 energies, the chief experimental problems are event statis-
tics, and backgrounds in the event sample due to W+W~ —» qqqq events and events with a
large amount of energy radiated by the initial fertnions. The efficient selection of a clean sample
of —» Z°/7 —• qq events with propagator energies close to the centre-of-mass energy has been
extensively studied in subsection 2.2. The present analysis uses the stage I cuts described there
together with a stage II cut of D2 > 300GeV2 and BN < 0.05. In total about 9000 e+e~ -> Z°/7
events and about 130 e+e~ —» W+W~ events would be selected assuming the nominal LEP2
luminosity of 500 pb~l and standard model cross sections. About 72 % of the selected events
have initial state radiation amounting to less than 2 GeV, and less than 2 % of the events have
radiation in excess of 60 GeV.

7.2 In (1/z) Distributions at 175 GeV

The expected distribution of ln(l/x) is shown in figure 16 (a) (and figure 16 (b) with a logarith-
mic vertical scale) for all events that pass the selection cuts. The statistical errors on the points
correspond to a luminosity of 500 pb"1. The contribution of the W+W~ background events is
shown as the shaded region. The background is concentrated in the region around the peak
of the ln(l/z) distribution, varies smoothly, and is small compared to the level of the signal
events - the signal to background ratio is almost 100:1. In practice, this background could be
corrected for by a multiplicative correction factor, the background could be subtracted directly
or a more complex matrix correction procedure could be applied.

Typical corrections for detector acceptance and resolution are shown in figure 16 (c). There
is a correction of about 10 % to the overall level of the distribution which is basically flat in
the region around the peak of the ln(l/x) distribution. Uncertainties in the determination of
detector corrections are therefore unlikely to have a large effect on the position of the peak, and
there is no evidence that a serious bias has been introduced into the ln(l/x) distribution by the
event selection. Figure 16 (d) shows the ratio of the ln(l/z) distributions for events passing the
selection cuts that did not radiate and those that radiated a photon of more than 2 GeV. This
illustrates the component of the detector correction that accounts for initial state radiation.
The bias introduced by the initial state radiation is most severe for low values of ln(l/x) but
is fairly uniform around the area of the peak. It is not expected that the event selection and
detector corrections will seriously bias the measurement of the position of the peak.
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7.3 Determination of Peak Position

The peak position may be determined by fitting a Gaussian to the W+W~-background sub-
tracted ln(l/z) distribution. The statistical error on the peak position is about 0.025 if data
corresponding to 100 pb"1 are fitted, and this decreases to 0.011 when the expected 500 pb"1

data sample is analysed. A Gaussian function is only valid for the region close to the peak
and is less successful at describing the shape of the distribution far away from it. This leads
to a variation of the fitted peak position as data points far from the peak are included in the
fit. Varying the fit range such that a reasonable \2 1S still obtained for the fit results in an
uncertainty in the peak position of about 0.02.

A systematic error due to uncertainties in the level of the W+W~ backgrounds has been
estimated by varying the amount of the background subtracted by ±100 %. The fitted peak
position changes by less then 0.01 in all cases. It is not expected that there is a large uncertainty
due to the details of the shape of the W+W~ background. The process W* —> qq is very
closely related to Z° —• qq which has been very well understood thanks the the LEPl data.
In conclusion, it is expected that the position of the peak of the \n(l/x) distribution may be
measured with the data recorded at LEP2 to a sufficient precision in order to be able to test
the LLA predictions.

7.4 Detailed Shape of ln(l/z) Distribution

The expected statistical errors on the points of the ln(l/z) distribution are small compared to
the bin-to-bin variations of the distribution - there is no apparent scatter of the data points.
This indicates that the data will most likely be of sufficient precision to allow a detailed com-
parison with the shape predicted by theoretical calculations with parameters fitted to LEPl
data. The comments regarding the influence of acceptance, initial state radiation and W+ W~
background corrections on the peak position also apply to the shape of the distribution - they
are not expected to pose a major problem. If these systematic effects turn out to be trou-
blesome, there is the still the prospect that a reasonable measurement of the ratio of ln(l/z)
distributions at LEPl and LEP2 energies might be made in which many systematic effects may
cancel.

It might be expected that the description of data by LLA predictions is more successful at
higher energies as the LPHD assumption is more justified. This is supported in part by Monte
Carlo studies that indicate that the differences between hadrons and patterns are much reduced
at LEP2 energies.
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7.5 Two Particle Correlation

The two particle correlation at LEP2 energies has been studied in the same way as the single
particle ln(l/x) distribution. If the correlation distribution is computed along lines in the
ln(l/a;i) — ln(l/a:2) plane as in reference [68] then the statistical error on each point would
be of the order of 0.02 for the full 500 pb"1 data ample. This should be compared to 0.005
achieved in reference [68] with about 21 pb"1 of LEPl data. Preliminary studies indicate that
corrections for acceptance, resolution and initial state radiation will be small as anticipated for
this distribution. As for the LEPl analysis, it is also expected that other systematic effects
such as the W+W~ background might also cancel when the normalized correlation distribution
is calculated.

With the luminosity currently expected from LEP2 it is expected that any measurement
of the two particle correlation would be statistics limited. There is however the hope that if
the entire data sample is analysed, the possibility exists to test the energy evolution of the
predicted correlation distribution in a meaningful way. In particular it can be tested whether
the distribution at higher energies may be fitted by a prediction with the coefficients of the
next-to-next-to-leading order terms fitted to LEPl data. Such a prediction with coefficients
fitted to LEPl data is able to describe Pythia/Jetset events at both 91 and 175 GeV. Finally,
the ratio of the two particle correlation at 91 and 175 GeV may be measured and compared to
the theoretical prediction with the advantage that uncomputed higher order terms may cancel
to some extent in the ratio.

7.6 Summary

In summary, measurements of hadron momentum spectra offer the possibility to make detailed
tests of LLA QCD predictions, particularly in terms of their energy evolution. The peak
position of the ln(l / i) distribution may be measured accurately with only a small amount
of data allowing a powerful test of the extrapolation from lower energies. It should also be
possible to determine the detailed shape of this distribution which will provide a stringent test
of the energy evolution of predictions from LEPl energies. Meaningful measurements of the
two particle correlation will probably have to wait for the full 500 pb"1 of luminosity to be
delivered by LEP2.
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Detector + ISR correction Non-rad / radiative ln(l/x)
Figure 16: Distributions of ln(l/z) for 500 pb"1 of events passing selection cuts. Background
from W+W~ events is shown as the shaded areas. Figures (c) and (d) show the the typical
acceptance and initial state radiation corrections that might be expected.
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This chapter is devoted to QCD and, more generally, Strong Interaction studies in 77
collisions. For our purposes, LEP2 is a continous energy 77 collider with a reach of up to
100 GeV center of mass energy for some observables. At low energy, the main studies concern
resonance production and quasi two-body processes which probe the meson and baryon wave-
functions. At high energy, the partonic structure of the photon plays a dominant role and,
as for hadronic processes, several tests of perturbative QCD, using many different observables,
are possible. A specific feature of 77 collisions is the variability of the mass of the incoming
photons which can be used to tune the non-perturbative component of the photon.

1 Introduction

While LEP1 was dedicated to the study of Z° production and decays the dominant process at
LEP2 will be e+e~ —» e+e~X where the system X is produced in the scattering of two quasi-real
photons by 77 —» X. It is well known that1 this cross section grows like (In Vmeiertron)2> where
s is the invariant energy squared of the incoming e+e~ pair, whereas the annihilation cross
section decreases like s~l. Thus LEP2 can be considered as the highest luminosity as well as
the highest energy 77 collider presently available. When one of the outgoing electrons is tagged
it is possible to probe the photon "target" at short distance in deep-inelastic experiments. In
fact, concerning the study of the hadronic structure of the photon (i.e. its quark and gluon
content) LEP2 is the analogue of both an ep collider and pp collider for the study of the proton
structure. As in the purely hadronic case the main processes of interest in this respect will be,
besides deep-inelastic scattering, large pr phenomena and heavy flavor production. The high
luminosity (500 pb"1) and the high energy (in the following we use -^/s = 175 GeV) available
will make it possible to undertake precision phenomenology and obtain quantitative tests of
perturbative QCD. Furthermore, combining LEP2 data with the lower energy TRISTAN and
LEP1 data and with the high luminosity, high energy HERA results on photoproduction, a
truly quantitative picture of the hadronic structure of the photon should emerge over a wide
kinematical domain. Let us recall that a precise knowledge of the photon structure is required
if reliable estimates are to be made of the background to new physics expected at LEP2.

Considering semi-inclusive or exclusive processes at high energy and relatively high momen-
tum transfer it should be possible to probe diffractive phenomena and shed some light on the
nature of the perturbative Pomeron (the so-called BFKL Pomeron) and the elusive Odderon
(with vacuum quantum numbers but negative C-parity). These topics have undergone very
interesting developments recently in connection with HERA results.

Finally, the traditional domain of 77 physics has been the formation of resonances and
the study of two-body reactions of the type 77 —> meson-meson or 77 —> baryon-baryon. In
the first case resonances in the C= +1 state, not directly accessible in e+e" annihilation, are
easily produced in a clean environment: heavy resonances like r)c and Xc's a r e produced more
aboundantly than in previous e+e~ colliders. In the second case, the present situation is often

'taking into account the finite angulai acceptance of any detector
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unclear and the LEP2 results, at higher energy, will be helpful to distinguish between various
models and hadron wave-functions.

One should point out interesting differences between LEP2, as a 77 collider, and a hadron-
hadron collider. In particular, in the former case the initial energy is not fixed: this will turn
out to be a major nuisance in the study of the deep-inelastic structure function of the photon
but it could be an advantage in the study of the semi-inclusive channels (because it could
help disentangle perturbative from non-perturbative effects). Furthermore, using the forward
detectors of the LEP experiments one can vary the "mass2" of the incoming virtual photons.
This will be used to better constrain the non-perturbative component in the photon, which
rapidly decreases with the photon virtuality, in the study of deep-inelastic, total cross section
or large pr processes, for example. More generally, it will help understand the transition from
a non-perturbative to a perturbative regime in QCD studies.

On the theoretical side, considerable progress has been recently achieved on the various
topics mentioned above. Of particular interest for data analysis and the study of the event
structure of 77 collisions is the existence of several general purpose Monte-Carlo codes (ARI-
ADNE, JETSET, HERWIG, PHOIET, PYTHIA) which are described in the "77 event generator"
chapter. These generators are adapted from hadron-hadron and electron-positron studies and
they have been (or are being) tuned to HERA data thus incorporating all the physics con-
straints necessary to reliably describe 77 reactions. The crucial test of confronting in detail the
models with the LEP1 results on 77 physics is still in progress as both data and models are
very recent and little discussion on this point will be given below. In any case, the situation is
much improved compared to only a year ago, when essentially every experimental group had its
own specific event generator, making the comparison between the various experimental results
rather delicate. One interesting outcome of the recent studies is that the global features of 77
scattering are predicted to be rather similar to those of hadron-hadron scattering at the same
energy.

For the anticipated quantitative studies in perturbative QCD one obviously needs theoret-
ical predictions at (at least) the next-to-leading logarithmic older in perturbation theory. AD
relevant calculations for 77 processes have been performed or are being completed. Depending
on the channel under study it will be seen that the sensitivity of the theoretical predictions
under the various unphysical parameters (scales) is not perfect but, overall, the situation is not
worse than in the purely hadronic channels.

The plan of the chapter is as follows. We first discuss, in some detail, the deep-inelastic
scattering process on a photon target (7*7 process) and its relevance for the determination
of the parton distributions and the AQCD scale. We then turn to quasi-real 77 scattering
and discuss the equivalent photon approximation, the (anti-)tagging conditions which define
what we mean by 77 processes as well as the background to it. Global features of 77 events
are described next. Large pr phenomena and heavy flavor production are then discussed in
the context of next-to-leading QCD phenomenology. The chapter ends with the discussion of
resonance production and exclusive processes.
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Photon-photon physics has been the object of many review articles, see e.g. [1,2]. A look
at [3] shows to what extent the scope of 77 physics has extended since the previous LEP2
workshop. The topics discussed below are described from a different perspective, and with
complementary details, in the "77 Event Generators" chapter [4].

2 Structure functions 2

The measurements of the hadronic structure functions of the photon [5] at LEP1 and lower-
energy e+e" colliders [6,7] can be extended in a number of important ways at LEP2. The higher
beam energy will extend the kinematic reach both to lower Bjorken-z and to higher scales Q2.
Especially, the evolution of the real-photon structure function F2

7(a;, Q2) can be investigated
experimentally via single-tag events up to Q2 as 500 GeV2; and measurements can be done
down to lower values of x than ever before, * ft; 10~3, entering the small-a: region where the
HERA experiments observe a strong rise of the proton structure function Ff [8]. The increased
integrated luminosity will be equally important, in principle allowing for a so far unachieved
statistical accuracy of F£ data of a few per cent over a large part of the accessible region. See
sec. 2.1 for a more detailed discussion of the kinematical coverage, and sec. 2.3 for a study of
the sensitivity of F? at LEP2 to the QCD scale parameter AQCD.

Improved techniques for reducing systematic uncertainties will be needed to exploit fully
these increasing statistics and kinematical coverage, and to approach the experimental precision
achieved in lepton-hadron structure function studies, cf. sec. 2.2 and the report of the "77 event
generator" working group in these proceedings. In this context, some of the experiments are
improving tracking and calorimetry in the forward region to obtain a more complete coverage
for 77 events, but no major detector upgrades axe planned. Masking the detectors against the
increased synchrotron radiation expected at LEP2 will limit the coverage of structure function
measurements at low Q2 to values above about 3 GeV2.

There is no prospect of measuring the longitudinal structure function F£ at LEP2. How-
ever, in sec. 2.4 a new technique is presented which could allow for a measurement of related
unintegrated structure functions via azimuthal correlations between the tagged electron and
an outgoing inclusive hadron or jet. Moreover, a sufficient number of double-tag events is ex-
pected at LEP2 for a study of the transition from quasi-real (P2 < A ^ ^ ) to highly-virtual
(P2 >• AQCD) photon structure. Although these measurements will remain limited by statistics
at LEP2, they can considerably improve upon the present experimental information obtained
by PLUTO [9] as discussed in sec. 2.5.

23. Field, B. Kennedy, E. Laenen, M. Lehto, L. Lonnblad, D. Millei, G.A. Schuler, M.H. Seymour, M.
Stratmann, I. Tyapkin, A. Vogt, J. Ward, A. Wright
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2.1 Kinematical coverage for photon structure measurements

The kinematics of deep-inelastic lepton-photon scattering in e+e~ collisions is recalled in
Fig. la. Shown is the 'single-tag' situation, where the electron or the positron is detected
at #t«g > Oo, with a veto against a second tag anywhere in the detector. The bulk of the events
useful for structure function studies are of this type; the generalization to 'double-tag' events
is obvious. At LEP2, the limit of the main detector coverage will be about 60 ~ 30 mrad,
slightly higher than at LEPl due to the synchrotron radiation shielding already mentioned
in the introduction. For double-tag events, the very forward calorimeters which are used for
online high-rate luminosity monitoring will be employed (see sec. 2.5).

(a) (b)
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Figure 1: (a) The kinematics of a single-tag incltisive 77 event, (b) The expected number of
events for the determination of F2

y (including the charm contribution) at LEP2 (see text for
details). The standard antitag Weizsacker-Williams photon spectrum [10] has been used with
9 < 30 mrad. The LO GRV parametrization of the photon structure [11] has been employed to
estimate Fj .

The cross section for (unpolarized) inclusive lepton-photon scattering reads to lowest order
in the electromagnetic coupling a:

> eX)
^ c o s ^ - <* ;[{i+(i-*m^(*><?w^,<?')] • a)

Here F2L(x, Q2) denote the structure functions of the real photon. The virtuality of the probing
photon and the invariant mass of the (hadronic) final state are given by

W w = (« + P)J> (2)Q2 = -g2 = . — cos 6U
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and we have introduced the usual dimensionless variables

(f). (3)

Since usually y2 is rather small due to background suppression cuts, typically at least £ t a g >
0.5 .Ebe«m) only Ft has been accessible experimentally so far. Under these circumstances Q2 is
limited to the region Q2 > 3 GeV2 for 0t«g > 30 mrad at LEP2 energy, which in turn limits the
reach towards small x.

It was demonstrated already at the 1986 LEP2 workshop [3] that the longitudinal structure
function Fi would be very difficult to measure also at LEP2. This statement remains valid.
Even in the most favoured kinematic region with y > 0.5, the correction from Fi to the main
part of the signal due to F2 is only about 14%. Achieving this marginal sensitivity in practice
would require a costly (some 0.5 MChF per experiment) dedicated detector effort. The point is
that events with y > 0.5 must have a low energy for the tagged electron. But experience at LEPl
has shown that there are significant numbers of off-momentum electrons that give spurious tags.
To eliminate this background under present detector conditions, the so far published analyses
for F2 have required something like £ , . g > 0.7i?b««m [6]. The off-momentum electrons come
from beam-gas bremsstrahlung in the straight sections, and there is no reason to expect that
their rate will be significantly reduced at LEP2.

The cross section (1) has to be convoluted with the Weizsacker-Williams (WW) spec-
trum [10] for the photon, of virtuality P2 (there is a high-P2 tail which has to be corrected
for in determinations of •Fj7), emitted by the antitagged electron. For the explicit form of the
WW spectrum see sec. 3. This fact leads to a key systematic problem in the determination
of the photon structure functions: since p is unknown, Wi,«d in eq. (2) and hence x in eq. (3)
cannot by determined from the outgoing electron alone, in contrast to the situation in (electro-
magnetic) lepton-nucleon deep-inelastic scattering. This brings the hadronic final state into
the game, of which only a part Wy;, of the invariant mass is seen in the tracking regions of the
detectors. The reconstruction Wv;. —• Whad = Wtrut requires a reliable modeling of the final
state fragmentation. More on this issue can be found in sec. 2.2 and in the 77 event generator
report.

Estimated event numbers for the measurement of F2"'(x,Q2), including the 7*7 —> cc and
7*3 —> cc Bethe-Heitler charm contributions, are given in Fig. lb in bins in x and Q2. Only
simple cuts have been applied here: on .Stag, #tag and Wtrue. The nominal LEP2 integrated
luminosity has been used3. Some (0 .5 . . . 1) • 106 events, all in the deep-inelastic regime Q2 >
3 GeV2, can be expected, a dramatic increase over the rates that have been available for F2

determinations so far [6,7].

If we put aside the W,,t problem for a moment, and assume that a systematic error between
5% and 8% (depending on the statistical accuracy of the bin under consideration) can be

sThe reduction in the event number due to further experimental final-state cuts (WTi, instead of Wtrac,
number of tracks etc.) will be approximately compensated by the presence of more than one experiment doing
the measurements.
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achieved, the potential of LEP2 on F% is illustrated in Fig. 2. Note that in regions where a
high-precision measurement is statistically possible at LEP2, Q2 & 100 GeV2, such results will
dominate our knowledge in the foreseeable future. A linear collider with 500 GeV center of
mass energy is most likely to have no access to this region, since 8itg would be to small to be
accessible there.
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Figure 2: The kinematical coverage and maximat accuracy of the measurement of FJ at LEP2,
using the event numbers of the previous figure for the statistical errors. The assumed systematic
uncertainty of at least 5% has been added quadratically for the error bars shown. The central
values have been estimated using the GRV(LO) parametrization [11].

2.2 Determining F2
T from the experimental information

Unfolding the photon structure function at small x

The rise in the proton structure function Ff at small x [8] is one of the most important
results reported from HERA so far. It has been suggested that this rise is a signal for so-
called BFKL [12] evolution. However, the observed rise has been obtained from "conventional"
Altarelli-Parisi renormalization group (Revolution, by starting from a sufficiently low scale
Ql < 1 GeV2 [13], see also [14]. The small-z coverage of FJ at LEP2 cannot compete with
that of F* at HERA, hence the LEP2 measurement cannot be expected to shed any new light
on the origin of this rise. But an important check of the universality of the rise is possible,
which will also provide valuable constraints on the parton densities of the photon at small-!,
where they are dominated by their hadronic (vector meson dominance, VMD) component.
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So far all measurements of F2
7 have been at x-values above 0.01, which is outside the region

where a rise would be expected. At LEP2, we expect to observe a significant number of events
around and even below x = 10"s (see Fig. lb), where a rise corresponding to that at HERA
certainly should be visible. Measuring F£ at such small x values is, however, far from trivial.
While the value of Q2 can be accurately determined to within a few per cent, since 0tag and
£>tag are well measured, x is not directly measurable because the energy of the target photon
is unknown. The conventional procedure has been to measure the visible hadronic mass Wya

in each event and calculate an z,i, using eq. (3). Then, an unfolding is made to get the true
x distribution. This unfolding requires that the relationship between Wy\, and Wtrue is well
described by the event generator used.

During this workshop much work has been devoted to get a better understanding of how
this unfolding behaves at small x. These results are described in more detail in the report
from the "77 event generator" working group in these proceedings. In that report methods to
overcome these problems are also presented, using additional kinematic variables of the final
state and limited information from the end-caps and the luminosity taggers, where much of the
"missing" hadronic energy goes. The conclusion is that there is good hope that we will be able
to measure at sufficiently small x to detect a rise in FJ".

QED radiative corrections

In analogy to measuring F% at HERA, an accurate measurement of F? must involve a careful
treatment of radiative QED corrections to the basic one-photon exchange process described
by eq. (1). Experiments have so far estimated the size of radiative corrections by comparing
a Monte Carlo event generator for e+e~ —» e+e~7^+/i~ [15] (with appropriate changes of the
muon mass and charge to conform with qq production) to one for e+e~ -* e+e~qq via e~i —» eqq,
with the photon energy distribution given by the Weizsacker-Williams spectrum.

A more careful treatment would take into account the hadronic structure of the photon and
effects of QCD evolution. Such a treatment is given in [16], in leading logarithmic approxi-
mation, which is known to be accurate to within a few percent for the proton case. It was
found that the size of the corrections may vary from as much as 50% if one uses only so-called
leptonic kinematic variables, to only a few per cent using only so-called hadronic variables. As
the actual measurement will involve a mixture of such variables, a more extended study of the
size of radiative corrections is needed.

2.3 The Q2 evolution of F2
7 and the QCD scale parameter

At next-to-leading order (NLO) of the QCD improved parton model, the structure function
F%(x,Q2) is related to the photon's parton distributions [5] via

\F? = E O(I/Q2) , (4)
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where * denotes the Mellin convolution. The summation extends over the light u, d and s
quarks. The heavy flavour contribution FJh has recently been calculated to second order
in as [17] and is discussed in sec. 7. Cqia

 M e the usual (scheme-dependent) hadronic NLO
coefficient functions, and for the commonly used MS factorization there is a 'direct' term
Cy = 6 Ca- Besides the leading-twist contribution written out in (4), at large * (close to and
within the resonance region) power-law corrections oc ii2/Q3(l — x) become important, with ft
being some hadronic scale. The (Revolution of the quark and gluon densities q"1, G7(x, Q2) is
governed by generalized (inhomogeneous) Altarelli-Parisi evolution equations. For the singlet
case the solution can be decomposed as

(5)

where the well-known homogeneous ('hadronic') solution q^ contains the perturbatively un-
calculable boundary conditions q^iQl)- The photon-specific inhomogeneous ('pointlike', PL)
part is given by

&L = {^ + V} * {l - * \ *UO(a8) . (6)

Here a, b, d and U are combinations of the LO and NLO splitting-function matrices.

At asymptotically large Q2 and large x, eq. (6) reduces to the well-known asymptotic so-
lution oc I/as, suggesting a parameter-free extraction of AQCD fr°na the photon structure. At
energies accessible at present and in the foreseeable future, however, the non-asymptotic con-
tributions cannot be neglected even at large x, and AQCD determinations involve a model or
a simultaneous free fit of the non-perturbative boundary conditions q"1, C ( Q Q ) . In eq. (6),
Ql is an arbitrary reference scale; hence q^ in eq. (5) will in general contain not only the
non-perturbative (coherent) hadronic part, but also contributions originating in the pointlike
photon-quark coupling. However, final state information suggests that there is some low scale
Q | close to the border of the perturbative regime, where (in NLO in some suitable factorization
scheme, see [18-20]) the parton structure of the photon is purely hadronic and given by the
fluctuations to virtual vector mesons (VMD) [7,21,22].

In order to estimate the possible sensitivity of JFV to AQCD at LEP2, deep-inelastic electron-
photon collisions corresponding to an integrated luminosity of 500 pb"1 have been generated
using the SaSID distribution functions [23], passed through a (fast) detector simulation (DEL-
PHI) and unfolded using the Blobel program [24]. Possible systematic errors due to the de-
pendence on fragmentation parameters have been neglected. We have chosen six bins in Q2

(logarithmically distributed) and let the unfolding program choose the number and sizes of x
bins. In total 21 bins have been obtained at x > 0.1, shown in Fig. 3. Alternatively, we have
used the theoretical error estimates and bins of sec. 2.1 as representative for the best possible
measurement using the combined statistics of two experiments.

Next, fictitious FJ(x,Q2) data have been generated at these (x,Q2) points. The input
distributions of a simple toy-model have been evolved in NLO, which however yields very
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similar numbers of events as the SaS [23] distributions. Thus the relative errors can be taken
over from SaS. Specifically, the NLO parton distributions of the photon have been generated
by a (coherent) sum of the three vector mesons p°, a>, and <f> at Qs = 0.6 GeV in the DIS,
scheme [18].

0 0.5 0 0.5 0 0.5 1
Figure 3: The estimated accuracy of F£ from one experiment at LEP2 using\ (linear) Blobel
unfolding [24]. The (in-)sensitivity to AQCD M illustrated by the ±lor results described in the
text. A denotes A ^ in Me V.

Finally, AQCD is fitted together with the shape parameters N,, O; and 6,- of the vector-meson
valence, sea and gluon input distributions

xv(x) = KN,X"(1 - x)b', xS(x) = KN.X'-(1 - xf- , xG(x) = (7)

at Qrtt = 2 GeV (Nv and Ng are fixed by the charge and momentum sum rules of the vector
mesons), the overall normalization re, the scale Qs, and the charm quark mass entering via F^h
in eq. (4). The variation of the parameters is restricted to values reasonable for vector meson
states, e.g., 0.8 < bv < 1.3 (the "data" were generated with the counting-rule value of 1.0).
Using the Blobel-unfolded "results" of Fig. 3, one finds an experimental lo- accuracy of

Ag=(200i}g)MeV =*• a.(Mz) = 0.109JJHS • (8)

The sensitivity is dominated by the large-a: region [25] as obvious from Fig. 3. If we use the
"data" of sec. 2.1 instead, which need about the statistics of two experiments and some progress
in the unfolding, especially at large x, we obtain

A^i = (200l|f) MeV => a.(Mz) = 0.109 ± 0.006 . (9)

300



Hence, even under the most optimistic assumptions, the experimental error on AQCD as de-
termined from FJ at LEP2 is a factor of two bigger than from fixed-target ep//tp DIS. The
theoretical scale-variation uncertainty of F? has been studied in [17] for fixed parton distribu-
tions. The resulting theoretical error on AQCD is expected to be of similar size as in ep DIS.
It should be mentioned that without the VMD-based restrictions on the parameter ranges the
kinematical coverage and accuracy of LEP2 is not sufficient for any sensitive AQCD determina-
tion.

2.4 Azimuthal correlations, a substitute for the longitudinal struc-
ture function

It has been mentioned already that F£ will not be measurable at LEP2. However, FL is not the
only structure function that contains additional information. If, instead of just measuring the
total cross-section ej —» eX, one triggers on a final-state 'particle' o (either a hadron or a jet),
more structure functions become accessible. The cross section as a function of the direction of
a can be written in terms of the unintegrated structure functions Fp, P = T, L, A, and B, as

d<r(<rf -> eaX) 2va2 1 + (1 - y)2

xy
. (10)

Here fio represents the direction of a in the 77" rest-frame, and <£„ is its azimuth around the
77* axis, relative to the electron plane. The functions e(y) and p(y) are both 1 + Q(y2), and can
be approximated by 1 throughout the accessible region of phase space. The standard structure
functions F2 and Fi are related to the corresponding Fp by integration over fio.

For leptonic final states Fp are uniquely given by perturbation theory, while for hadronic
final states these quantities involve a convolution over the parton densities of the photon:

(11)

where /7/,(x) = 5(1 - x) and z = (pa • p<)/(g • # ) = j ( l + 0cos6), with /? and 9 denoting
the velocity and direction of a in the 17* rest-frame, respectively. One can find many incorrect
formulae for Fp in the literature. We have performed an independent calculation and confirm
the leading-order results given in [26], obtaining

,4a

- z)
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H{xp,z) = (12)

4*
+ 2(xpz

= e'

up to terms of order m2x/(l — x)Qi. In the quark case, the azimuth is that of the outgoing
quark - the equivalent expressions for the outgoing gluon are identical but with z replaced by
1 — z and F\ negated. The photon and gluon cases are identical for either outgoing parton.

Note that Fg = F\ for all parton types, so a measurement of (cos2< â) gives the same
information about the parton content of the photon as F£, despite the fact that they arise
from different spin states of the virtual photon (purely longitudinal for Ft, and transverse-
transverse interference for Fg).* This is a consequence of the fact that the struck parton is a
fermion. In the leptonic case, the two outgoing particles can be distinguished, and the above
distributions directly measured. In the hadronic case, however, quark, antiquark and gluon jets
cannot be distinguished, and one must sum over all assignments. Since each event consists of
two jets with z and 1 — z, all three sub-processes give equal and opposite cos ^-dependence
for the two jets, and (cos <j>a) defined naively is identically zero. But if we instead use only
the more forward of the two jets (i.e., the one with larger z, which is more often the quark in
the q -* qg case), the constant and cos 2$a terms remain unchanged, but also the cos <j>a term
becomes nontrivial, being always negative for quarks and taking either sign for the other two
processes, depending on xP.

The measurement of azimuthal correlations involves reconstructing the hadronic final state
to a much greater degree than does the measurement of the total cross-section. For this reason, a
number of additional problems occur, including: How well do jet (or inclusive-particle) momenta
mirror the underlying parton momenta? How well can the jets be reconstructed experimentally?
How much are the azimuthal correlations smeared by the fact that the 77" rest-frame is not
exactly known, or by target photon mass effects? How much artificial (de)correlation is induced
by the fact that any cuts made in the lab frame are azimuth-dependent in the 77* rest-frame? A
detailed detector-level study would be needed to answer these points, as discussed for CELLO
in [27], but this has not yet been done for LEP2 energies. However, azimuthal correlations have
been measured on a proton target at HERA [28], and in the leptonic final-state on a photon
target at PETRA [29] and LEP1 [30], and all of the above problems have been addressed, and
overcome, in one or other of these analyses. It thus seems hopeful that the measurement can
be done at LEP2.

4In fact this has only been proved at lowest order. Different definitions of FB (eg. single-particle vs. jet
inclusive) will have different higher-order collections, and it is currently unknown whether any obey the same
relationship at higher oiders.
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Figure 4: Distribution of azimuthal angle of the more forward jet in two-jet events. Canonical
cuts are made, plus a 2 GeV jet-pt cut. In (a) parton-level results are shown, (b) depicts
generator-level results (data points with statistical errors corresponding to 500 pb'1), in com-
parison with the total parton-level prediction of (a).

In the absence of a detailed experimental investigation, the group has performed a brief
generator-level study using HERWIG, version 5.8d [31]. The jet reconstruction and cuts are
loosely based on those used by the HI collaboration [28], adapted for our assumed LEP2
detector coverage. The difficulties in measuring x discussed in the context of Ft are left aside -
it is assumed that x and Q2 are perfectly known. Events passing the canonical cuts are selected
(Etag > 0.5£b«m, 0u>a > 30mrad and W,a > 2 GeV within |cos0| < 0.97). All particles within
the central region are boosted to the Breit frame of the virtual photon and target electron
beam5, and jets are reconstructed using the fej. jet algorithm [32], with a cutoff of 2 GeV. No
attempt was made to optimize this value. As discussed in [33], the maximum correlations are
achieved for pt = Q/2.

In Fig. 4a we show parton-level results in three x and Q2 bins, broken down into the
contributions from the different parton types 7, q and g. By 'parton-level' we mean at leading
order, with a direct correspondence made between partons and jets, and with the photon
assumed collinear with the incoming electron beam. The SaSID parametrization of /,•/., [23]
has been used. We see that the cos 2$o-dependence arises predominantly from the gluon- and
photon-induced sub-processes, and that a different initial-state parton dominates within each
bin. In Fig. 4b generator-level results are presented, including parton showering, hadronization,
jet reconstruction and target-mass smearing. The error bars shown correspond to the statistical
errors one could expect from 500pb-1 of data. While the correlations are somewhat smeared,
a signal still persists. It is possible that one could improve the statistics by including lower

'This frame has the same transverse boost as their rest-frame but a different longitudinal boost, which results
in improved jet properties if a frame-dependent jet algorithm is used [32].
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pt scattering, provided a hadronic plane could be cleanly defined. Hence it seems likely that
the azimuth-dependent structure functions of the photon can be measured at LEP2, providing
additional constraints on the parton content of the photon.

2.5 Virtual photon structure

Effects of a non-zero virtuality of the target photon, P2 ^ 0, have attracted considerable in-
terest recently [23,34-36]. The non-perturbative hadronic (VMD) contribution to the photon
structure is expected to go away with increasing P2, allowing for a purely perturbative pre-
diction for F?(x, Q2; P2) at sufficiently high P2 [37]. The fall-off of the non-perturbative part
with increasing P2 is theoretically uncertain and model dependent [23,36], hence experimental
clarification is required. An improved understanding of this transition is also relevant for the
experimental extraction of the real-photon structure functions, since corrections of the order of
10% have to be made to take into account the finite range of P2 in single-tag events. However,
the present experimental knowledge is very poor: the older6 measurement of F?(x, Q2; P2) by
the PLUTO collaboration [9] suffers from low statistics and a rather limited kinematical cov-
erage: Q2 = 5 GeV2, P2 < 0.8 GeV2, and x ~ 0.1. Some new data are however being collected
at HERA [38].

Especially because of its higher energy, but also due to its increased integrated luminosity,
LEP2 can provide much improved information from double-tagged events. The rate of such
events in the main forward luminometers (9 > 30 mrad for the electron and the positron) is
very small. The more important double-tagged results at LEP2 are expected to come from
events with first tags in the main forward luminometers (9-y > 30 mrad) and second tags in the
very forward calorimeters which are used for online high-rate luminosity monitoring in each of
the four LEP experiments. These small detectors (currently being upgraded in ALEPH and
L3) are situated at 7 - 8 meters from the interaction point, beyond the minibeta quadrupole
magnets. The defocussing effect of the quadrupoles distorts the acceptance of the detectors, but
lepton tags can be reconstructed in the range 5 £ 92 S 15 mrad, yielding 0.1 S P2 & 1.0 GeV2

(the exact coverage varies between experiments).

For 500 pb"1 of data collected at LEP2, it is expected that about 800 double-tagged events
of this type will be seen within the range 3 x 10~4 < x < 1 and 3 < Q2 < 1000 GeV2. The
invariant mass of each event can be reconstructed from the two tagged leptons and hence the
correlation between the measured value (Wyis) and the true value is good - there is no loss of
correlation at high W (unlike for single-tagged events, see sec. 2.2), and the structure function
can be measured more easily down to low x.

Fig. 5 shows the virtual photon structure function F^(x, Q2; P2) as predicted by the SaSID,
SaS2D [23] and GRS [36] models in two bins for P2 and Q2. The error bars indicate the
statistical error expected on each point for a bin width leading to two points per decade in x,
using the SaSID parton distributions [23]. The SaS2D [23] and GRS [36] distributions, both

"Note that actually Ftlt = F2 + *FL/2 was measured by PLUTO.
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Figure 5: Expectations for the statistical accuracy of the virtual photon structure measurement
at LEP2 in two different P2 and Q2 bins, using the SaSW [23] distributions. The SaSID
prediction for the real photon and the P2 / 0 results for the GRS [36] and SaS2D [S3] distribu-
tions are shown as lines for comparison. The upper (lower) curves for GRS and SaSSD refer
to P2 = 0.2 (0.5) GeV2, respectively.

showing a rather different small-1 behaviour as compared to SaSID, lead to similar results
for the expected statistical errors. A measurement of F2(x,Q2;P2), as distinct from the real
(P2 = 0) photon structure function (shown as solid curves for SaSID), should be possible at
LEP2 and could be compared to the results from PLUTO [9] in the region of overlap, as well
as to different model predictions [23,36]. Additional information will be obtained in single tag
events where high p? jets are produced (see sec. 6).

2.6 Summary

Due to its high beam energy and increased integrated luminosity, LEP2 will be a unique place for
studying the hadronic structure functions of the photon. Some (0.5.. . 1) • 106 single-tag events
for deep-inelastic (Q2 > 3 GeV2) electron-photon scattering can be expected, for the first time
allowing for a determination of F£ (and hence of the photon's quark content) with statistically
high precision up to scales Q2 of a few 100 GeV2 and down to Bjorken-x values as low as about
10~3. Depending on how well systematic uncertainties can be controlled, a determination of the
QCD scale AQCD may become possible from F£. But even under optimistic assumptions, the
experimental error on a,(Mz) will be about a factor of two bigger than that one obtained from
electron-nucleon deep-inelastic scattering. It seems likely that supplementary information on
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the parton densities can be obtained by measuring azimuthal correlations between the tagged
electron and a final state hadron or jet. About 103 double-tag events are expected to be
seen with 0.1 ~ P2 ~ 1.0 GeV2 and Q2 as above, allowing for a study of the virtual photon
structure function over a much wider kinematical range than so far. It should be noted that
the data taken at LEP2 on photon structure functions will dominate our knowledge in most of
the accessible range discussed above for the foreseeable future, since a 500 GeV linear collider
will most likely have no access to Q2 < 100 GeV2.

3 The equivalent photon approximation

The cross section for a 77 process is related to the cross section at the e+e~ level, which is
measured in the laboratory, by the formula

do-{e+e- -> e+e~X) = X) dzxdz2dP2dP2 (13)

where z; is the scaled photon energy in the laboratory frame and P2 is the photon invariant mass.
This is the equivalent photon approximation (EPA) [39] where the longitudinal polarization
component as well as the mass of the incoming photons are neglected in <r(f"</ —> X). The P2

integration can be carried out to give the photon "density" in the e± (the photon flux) [10]

fp2
h\*') *mvni "max) /

i.» d?n . _ a_

dzdP2 2TT J
mtn •* max

For untagged experiments Pmin is the kinematic limit

1 - z

)]
/ J
(14)

(15)

and Pmax — E^am. The quality of the approximation is not guaranteed in this case as the EPA
is derived under the hypothesis that P2 -C E^arn which is not always satisfied here. In most of
the following we use antitagging conditions where the e* are confined to small angles 0 < Bmax

(typically 9maz = 30 mrad) so that

PiLx = ( ! - 2)-Eiam^m<.I- ( 1 6 )

Using antitagging conditions rather than untagged conditions reduces somewhat the cross sec-
tions (about 30 % in the case of heavy flavor production and a factor 2 for large pr jet produc-
tion) but improves the reliability of the theoretical calculations based on the EPA. Finally for
tagged conditions both /*„;„ and i',2tM are set by the detector configuration.

Even in the case of antitagging it is always worthwhile, whenever possible, to check the
validity of the EPA for each of the considered process. For large px jets and heavy flavor
production a possible check consists in comparing, with the appropriate choice of cuts and
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kinematics, the lowest order matrix element calculation of e+e" —» e+e~qq to the approximate
one. Good agreement is found provided the "constant" (non-logarithmic) term is kept in eq.
(14). If the constant term is ignored the cross sections are over-estimated by roughly 10%
when both e+ and e~ are antitagged. The same is true for minimum bias type physics. Special
attention should be given to processes which involve the photon structure function, t. e., the
so-called resolved processes. Under certain conditions it may be necesary to take into account
the effect of the virtuality of the quasi-real photons initiating the process. Indeed as written in
eq. (5) the structure function has two components

Fih(x, Q2; P2) = F%{x, Q2; P1) + , Q2; P2) (17)

with a different dependence in P2, the virtuality of the quasi-real photon. In particular ff
is roughly suppressed by the usual VMD form factor (in2/(m2 + P2))2. In the tagged case
(P2 cz .5 GeV2) or in the case with relatively large antitagging angles this factor should be
taken into account when carrying but the integration over the virtuality in eq. (14). The result
is a relative reduction of the "had" component of the photon compared to the case when the
photon is assumed to be real. This reduction obviously affects the rate of the observable cross
section. If the aim is to obtain predictions at a 10% accuracy this effect should certainly be
studied in further details.

Turning now to resonance production (see sec. 8), eq. (13) simplifies since one of the
z; integration can be performed with the constraint z\z* = r = M2/se+e- where M is the
resonance mass. It is then customary to define luminosity functions (see e.g. [40])

so that

X) = j dM-^o •X).

(18)

(19)

This luminosity curve makes it easy, in principle, to determine the counting rate for resonance
production knowing the width of the resonance in the 77 channel. An important point however
concerns the acceptance cuts of the detector which reduce the observed rates compared to
the theoretical predictions. Such cuts are taken into account in sec. 8. Detailed studies of
luminosity curves were done for the previous LEP2 and we do not repeat them here [3].

4 Tagging conditions, cuts and background to 77 pro-
cesses 7

In this section we discuss what we call 77 events (as opposed to 7*7) i.e. events where the
electron and positron of the diagram in Fig. 1 escape detection (i.e. essentially "go down the
beam pipe"). This require a precise definition of the tagging conditions as well as the cuts
necessary to reduce the background to 77 physics. Background sources come from all processes

7P. Auienche, J.Ph. Guillet, F. Kapusta, D. Perret-Gallix, N.I. Zimin
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not initiated by 77 interactions but exhibiting similar features such that they can be taken,
mistakingly, for genuine 77 events. Background events are, essentially, of two types (Fig. 6).

Type I processes Type II process

Figure 6: Two types of background processes for 77 physics

Type I events have similar final states, although being produced by different processes: for
example, the t-channel "fZ exchange diagram or the initial state photon splitting in a qq pair.
The final state is therefore two electrons and a qq pair as in the signal. Type II background
processes can arise from detector acceptance and resolution when some particles are lost down
the beam pipe or in detector cracks or are misidentified. In this category, one can mention
s-channel initial state radiation: when the photon is lost in the beam pipe and the boosted
qq pair detected, this event can be interpreted as a no tag or antitag 77 event. Four fermions
channels where two of the fermions are lost in the beam pipe region are also part of this category
of 77 no tag events. A series of dedicated cuts based on kinematic constraints must be set to
reject most of the background (largest purity), although keeping most of the signal (largest
efficiency).

The LEP2 total cross sections are orders of magnitude smaller than those found at the Z°
peak. However, initial state radiations by emitting a high energy photon, can shift down the
centre of mass energy to the Z° peak energy. In the following we concentrate on the study
of this background as the Type I backgrounds can be argued away easily: the *jZ exchange
processes are suppressed due to the Z propagator while the other process leads typically to a
very small hadronic mass at large rapidity and leptons at large angle (which would be detected)
or a large missing energy.

4.1 Tagging conditions and acceptances

Typical detector acceptances and thresholds have been selected in order to match an "average"
LEP experiment. All momenta and angles are expressed in the laboratory frame. The events
are selected by antitagging in the following way: both scattered electrons or photons have a
polar angle 9 < 30 mrad or an energy E < 1 GeV. We define now the acceptance cuts on the
final state particle system
cut 0: no further constraint applied to the final state with the exception of the electron or
photon tagging conditions.
cut 1: Only charged particles with 20° < 9 < 160°, p > 0.4 GeV/c and neutral particles with
10° < 9 < 170°, E > 1 GeV are accepted for the analysis. At least four charged particles have
to survive the cuts mentioned above to accept the event.
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The visible energy is calculated from the invariant mass of the four-momentum obtained by
summing the four-momenta of all particles satisfying cut 1. For jet search, a cone algorithm
with a cone radius R = <J(ATI)* + (A^)2 = 1 has been used. Only particles passing cut 1 enter
the jet analysis.

4.2 Radiative return to the Z° cross-section

Background simulation have been performed at i/s = 175 GeV using JETSET 7.4 [41]. We

e+e > Z/r - » J«t+X (pb), Vs-175 GeV
•+• > 1/y -> Jel+X (pb), W«175 G«V

_. _ T ... , , , . Figure 8: cos 6 distribution of initial state radi-
Figure 7: Initial state radiated photon energy, t- h. f

show in Fig. 7 the initial state radiated photon energy. The low energy peak reflects the
behaviour of the bremsstrahlung process, the high energy peak comes from the o~o(s) oc 1/J
(s = (1 — x-y)s) singularity of the Born term as found in the hard radiative cross-section formula:

(20)

where x-, is the fraction of the beam energy carried by the real photon and i is the invariant
mass squared of the virtual photon. The large peak, close to 64 GeV, is precisely due to the
so-called return to the Z" for Ey = (s — Aff )/2,/s. The cos 9 distribution of the photon is
shown in Fig. 8 where the forward and backward peaks reflect the cross section divergence for
collinear photon production. If such a photon remains undetected, the boosted qq pair system
may appear as a untagged 77 event. Even worse, the photon can be identified as an electron
in the forward tagging detectors, this event would then be selected as a one tag 77 process.

The next three figures display clearly the differences between the signal and the radiative
Z" production background. In these studies the charged hadrons angular acceptance has been
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increased to 10° with a realistic track reconstruction efficiency as expected in DELPHI. The two-
photon events are generated with TWOGAM and are compared to PYTHIA Z-y and W+W" ->
all decays production contributions allowing initial state radiation. As expected the signal is
characterised by a rapidly falling Wvlt distribution (due to the Weiszacker-Williams convolution)
while the background exhibits a clear peak slightly below the Z" mass and the W+W" channel
shows up at very large invariant mass. Similarly the FJ**, Pfi" spectra from the signal are
confined to low values while they have a long tail for the background (figs. 9, 10). The above

LEP200.Earn » 775OeV.L « IQpb' LEP200. Ecm, .175 GeV, L -

0 10 20

Figure 9: Visible invariant mass of 77 (solid
dots), Zy(open diamonds) and W+W~ (solid
triangles).

Figure 10: PJ"' distributions for the signal and
the background. The symbols have the same
meaning as in the previous figure.

features clearly dictate the following cuts to reject the background still retaining most of the
genuine 77 events:
cut 2: the vector sum of the transverse momenta of all accepted particles satisfies P"' =
EPx < 10 GeV/c.
cut 3: the vector sum of the longitudinal momenta of all accepted particles satisfies Pfi" =
E?i| < 20 GeV/c.
cut 4: the invariant mass calculated from the four momenta of accepted particles satisfies
W™ < 50 GeV.
Clearly these cuts will not affect the bulk of the 77 events (e.g. the total charm production

cross section is hardly affected), however they will certainly reduce the rate of rare events in
the signal characterized by a large invariant mass: this is the case of large pr jet production
since one has in general W > 2pr- This is illustrated in Fig. 12 where the effect of the cuts on
jet searches is discussed. Histograms represent the contribution of the Z° return background.
The upper line is for events satisfying cut 1 above, the next lower ones are for cut 1+2, cut
1+2+3 and cut 1+2+3+4 respectively. The solid lines are the results of an analytic calculation
in the leading-logarithm approximation at the partonic level where the cuts are approximately
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r-7 - PUh.Pll)». «2 175 (
T (O

P, < 10C«V
P, i 1OG.V P, < 2 0 C V
P,< 1OC«V P,<2OGeVlnv. Mou<50C«V

5 10 13 20 25 30 40 46 SO
P,(C«V)

Figure 12: Signal and background p? distribu-
Figure 11: /ft" distributions for the signal and tion for various cuts. The cross section is in-
the background. tegrated over the jet rapidity range \n\ = 1. See

the text for explanations.

implemented: the top curve is for cut 1+2 (cut 2 is ineffective since P£' - 0 by definition)
and the lower two curves are as above. The pr threshold above which the background rate is
larger than the signal rate goes from 13 GeV (Pj"* cut) up to 16 GeV (P?4 and PP" ). The
final visible invariant mass cut has a strong effect on the background but reject also most of
the signal over pr > 20 - 25 GeV. A more detailed study of the effects of the cuts on the signal
is discussed in the "Large-pj processes" section.

5 Soft and semihard physics, and event structure 8

Studies of minimum-bias physics and semihard interactions in two-photon events offer a good
opportunity to investigate the high-energy behaviour of scattering amplitudes and the transition
from perturbative to non-perturbative QCD.

5.1 Cross section predictions and general characteristics

The photon, in its high-energy interactions with hadrons, behaves very much like a hadron,
however with cross sections reduced strongly relative to pure hadronic cross sections. Simi-

8 A . Corsetti, R. Engel, F. Erne, A. Finch, J. Field, J. Forshaw, R. Godbole, F. Kapusta, G. Pancheri, J.
Ranft, G.A. Schuler, V. Serbo, T. Sjosttand, N.I. Zimin
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larly to a hadron, the photon both undergoes soft hadronic interactions and has resolved hard
interaction between its hadronic constituents and the hadronic constituents of the target. Ad-
ditionally, the photon has a direct pointlike interaction with the hadronic constituents of the
target.

Even at high energies, many features of hadronic interactions of photons are dominated by
soft multiparticle production. Correspondingly, distributions measured in photoproduction are
similar to those obtained in purely hadronic interactions (provided, of course, these are taken at
the same center-of-mass energy). This is nicely illustrated in Fig. 13 for the central transverse
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Figure 13: (a,left) The transverse energy (in GeV) per unit of pseudorapidity in the central
region (i.e. at n = 0) as a function of the hadronic CM energy W. Data from photoproduction
are compared with data from hadron-hadron collisions; from [42]. For 77 collisions the PHOJET
predictions are shown, (b right) Charged hadron differential cross sections for photon-hadron
scattering compared to the shape of hadron-hadron scattering: the fp data from HI at y/1 =
200 GeV exceed in the high p± region the pp data from UA1 at the same energy. The results
from a fixed target experiment (WA69) at T/S = 18 GeV show a similar difference between fp
and hadron-hadron data; from [43].

energy density and the one-particle inclusive pr spectrum. It is only at high pj that photon-
induced reactions differ because of the photon's pointlike interactions and its correspondingly
harder parton distribution functions (PDF). Based on these observations we can safely predict
that minimum-bias physics of 77 interactions will follow that of 7p or pp interactions. At high
pr, the spectra should become harder when going from pp to 7p to 77 interactions.

In view of what we said above, any model that aims at an complete description of 77 in-
teractions should better successfully describe the wealth of data taken in hadronic collisions,
notably at pp colliders. Reactions to be modelled include elastic scattering, diffractive dissocia-
tion and hard, perturbatively calculable interactions. On top of that, unitarity constraints have
to be incorporated implying, in general, the existence of multiple (soft and hard) interactions
(for a review and references see e.g. [44]). The SaS model (Schuler and Sjostrand) [45] has
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been implemented in PYTHIA [41] while the DPM (Dual-Parton-Model) [46] has been extended
(Engel and Ranft) to 7p [47] and 77 reactions [48] in PHOJET. Minimum-bias physics in pp,
7P, and 77 collisions is currently being improved in HERWIG by the inclusion of multiple hard
scatterings [49].

These event generators and the physics of the corresponding models are described in detail
in the "Event generators" chapter. Here we discuss only some differences among the three
models which have been used in Fig. 14.

To extend the description of pp interactions to 7? (and 77) ones it is convenient to represent
the physical photon as the superposition [50]

\1B) ) + 7 1 - \
Jl Jkigh

\qqMgh) (21)

where the (properly normalized) first term describes the pointlike interaction of the photon.
The spectrum of hadronic fluctuations of the photon is split into a low- and a high-mass part,
separated by some scale Qo- Both contributions can, in general, undergo soft and hard interac-
tions. The soft interactions are mediated by Pomeron/Reggeon exchange whose amplitudes can
be inferred from the ones of pp interactions assuming photon-hadron duality. Hard interactions
are those that contain at least one hard scale and can be expressed in terms of the "minijet"
cross section o~jet(s;prmin), i.e. the cross section for perturbatively calculated partonic 2 —» 2
scatterings above a pr cutoff pi-min- Again, unitarization leads to multiple (soft and hard)
scatterings.

In a most naive scenario, the probability P^ = P(y —> qq) is taken to be constant. At high
energies, this cannot, however, be correct [50] since the contribution from high-mass hadronic
fluctuations becomes important. These are perturbatively calculable and lead to a logarithmic
increase of P^ with the hard scale Q ~ pr, (e/Zw,/,)2 oc ln(Q2/Qo)- I n t h e S a S approach [51],
most parameters, in particular the coupling of the low-mass part of (21) are determined using
VMD-type arguments. The only two additional parameters in the extension from pp to 7p
collisions, namely Qo a n d the pr cutoff for the hard cross section originating from the high-
mass part (PT^I) were fixed by low-energy 7p data, prior to the HERA data. Elastic and
diffractive cross sections as well as minimum-bias distributions were succesfully predicted [44].
The prediction for the 77 total cross section is shown in Fig. 14.

The DPM approach extended to 7p collisions [47] (in the PHOJET event generator) differs in
several important aspects from the SaS approach. The unitarization requirements are obeyed
by strictly sticking to the eikonal approach. This leads to9 multiple partonic scatterings also
for high-mass photonic states. Furthermore the probabilities e^/f^, and e2/f%igh as well as
the Pomeron and Reggeon coupling constants and effective intercepts have been determined by
fits to data on the total photoproduction cross section and the cross section for quasi-elastic
p° production. Once these parameters are fixed, 77 collisions can be predicted without further
new parameters [48]. The predicted rise of <r£J is shown in Fig. 14. It is governed by the small-z
behaviour of the PDF of the photon.

eThis also leads to another difference compared to PYTHIA, which is already present for purely hadronic
collisions, namely the generation of events containing multiple soft interactions in combination with any number
(including zero) of hard interactions.
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Figure 14: Inelastic photon-photon cross sections calculated in the SaS approach [51] imple-
mented in PYTHIA, the DPM model implemented in PHOJET [47], and an eikonalized minijet
model [52] compared with data. The two curves from PHOJET were calculated using the GRV
LO photon structure function [11] (upper curve) and the SaS 2M photon structure function [23]
(lower curve). The two curves according to the unitarized minijet model are the highest and
the lowest prediction presented in [52] for values of the parameters compatible with the photo-
production data.

The eikonalized mini-jet model is well described in the literature (see e.g. [1,44]). In addition
to the above-mentioned parameters such as P^ and prmin the predictions of this model depend
also on p(b), the distributions of the photonic partons in the impact-parameter space. The
new feature in the calculation in [52] is that for p(b) they use the Fourier transform of the
partonic transverse momentum distribution instead of the Fourier transform of the pionic form
factor which is normally the case. The former has recently been measured [53] and has the
form, in agreement with the expectations of perturbative QCD, dN^/dk} = \/{k} 4- k%) with
feo = 0.66 ± 0.22 GeV. Interestingly, the normal usage of pionic form factor corresponds to
fco = 0.735. Predictions of the model are shown by the dotted lines in Fig. 14.

5.2 Production of hadrons and jets

In order to illustrate characteristic differences and similarities between 77,7p, and pp collisions
we first show comparisons at fixed CM energy. Since elastic hadron-hadron collisions usually
are excluded in studies of inclusive secondary distributions, we also exclude the analogous
ones for the photon-induced reactions, i.e. the quasi-elastic diffractive channels 77 —» V + V,
fp —> V + p (V = p,u,<t>) but we include all other diffractive processes.

First we show the transverse momentum distribution in Fig. 15. Both PYTHIA and PHOJET
show a similar behaviour and agree very well with the behaviour of the data in Fig. 13b. In
fact the distributions from both models for 77 interactions are very similar, differences between
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PHOJET 1.04 PYTHIA 5.7 y/s = 20 GeV

3.5 4

Figure 15: Comparison at the collision energy y/s = 20 GeV of the transverse momentum
distribution in invariant form for all charged hadrons produced in pp, yp and 77 collisions.
The calculation was done with PHOJET (left) and PYTHIA for inelastic collisions.

the two models appear mainly for pp collisions. These differences are probably due to the use
of different parton distribution functions and cutoffs for minijets. As expected, at low pr, the

yfs
Quantity

nch
nr-
nf

< PXcfc >centr., [GeV/c]

10
pp

6.39
1.94
0.06
0.36

10
7P

6.38
2.28
0.10
0.36

10
77

6.80
2.76
0.14
0.39

20
pp

9.17
3.10
0.122
0.37

20
7P

9.15
3.40
0.17
0.38

20
77

9.64
3.92
0.22
0.40

Table 1: Comparison of average quantities characterizing hadron production in nondiffractive
pp, 7p and 77 collisions according to PHOJET at CM energies between 10 and SO GeV.

distributions of 77, ~/p, and pp collisions are very similar, while the fraction of hard interactions
in minimum bias interactions rises from pp to jp to 77 collisions. The reason for this is the direct
photon interaction and the fact that the photon structure function is considerably harder than
the proton one. In 77 collisions it is easy to observe already with moderate statistics hadrons
with transverse momenta approaching to the kinematic limit.

However, the differences in the hard scatterings hardly influence such average properties
of the collision as average multiplicities or even average transverse momenta. This can be
seen from Table 1, where we collect some average quantities characterizing nondiffractive pp,
IP and 77 collisions in PHOJET at CM energies of 10 and 20 GeV. The total and charged
multiplicities at all energies are rather similar to each other in all channels. The differences in
the multiplicities of non-leading hadrons like ir~ and p are more significant and we find them
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at all energies rising from pp to -/p to 77 collisions. Also the average transverse momenta rise
as expected from pp to -/p to 77.

Next we consider an example of hadron and jet production in e+e" collisions. In Fig. 16
the e+e~ —> e+e~X cross section is shown as a function of the visible photon-photon energy.
Also shown in this Figure is the cross section for events with jets (pjf' > 5 GeV/c). We predict
that nearly all events have jets at large Wm,.

dtr
7Z

0.01 -
(fib)

0.0001 -

Figure 16: Cross section at y/s = 175 GeV as function of the visible 77 CM energy with cuts
1+2+3 on the final state system (full line) and for events with jets after the application of cut
1 (dotted line), (calculated with PHOJET; the cuts are defined in sec. 4).

Studies at LEP1 have started recently showing that measurements of minimum bias events
are indeed possible. For example, Fig. 17 shows that small pr values are accessible. No detailed
comparison between the multipurpose Monte-Carlo generators such as PHOJET and PYTHIA
has yet been done with the existing LEP1 data. Instead, we show here the Aleph [56] results
on the Wvi» distribution and on the charged track pr distribution for minimum bias untagged
events compared to a specific in-house 77 event generator. The data has been modelled by a
sum of four contributions (Fig. 17). The bulk of the data is described by a VMD model which
includes only limited pr with respect to the 77 direction, and has been tuned to the data. At
high pr and Wvi, the data require additional contributions from QCD. These are separated
into the direct process (labelled QPM), and the sum of single- and double-resolved processes
(labelled QCD-multijets).

5.3 Measurement of the 77 hadronic cross section

In untagged two-photon events the photons are nearly on-shell. The measurement of <rJ2 is not
so much limited by statistical accuracy as by a precise description of competing processes, such
as beam-gas or beam-wall scattering, annihilation reactions, and a careful simulation of the
process itself. The invariant mass from beam-gas scattering is effectively limited to « 15 GeV
by the kinematics of electron scattering off slowly moving nucleons. It can be suppressed by
requiring the event vertex to be at the interaction point. The contribution from the annihilation
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17: (a, left) Visible energy distribution, (b, right) Transverse momentum distribution.

process "e+e~ —» hadrons" can be reduced by requiring the average rapidity of the observed
hadrons to be non-zero, while in the "e+e" —> hadrons + 7" process the average rapidity of
the hadrons is kinematically related to the invariant mass of the hadrons. Furthermore, the
different s-dependence of various processes helps their identification.
The event characteristics are dominated by the Vector Dominance process, which accounts
for about 70 to 80% of the events according to present models. Much information from two-
photon events disappears along the holes in the detectors around the beams. As a hardware
solution to this problem is not envisaged by the LEP experiments, one has to cope with partial
event information; 30 to 50% of the hadronic energy is lost in the forward region, and the
fraction increases with the 77 invariant mass and LEP beam energy. Some useful information
can be collected from small-angle electromagnetic detectors. At low 77 invariant mass the
measurements are limited by trigger requirements. Unfolding of the true 77 mass distribution
from the data with the help of event simulation is imperative, and it gives rise to model
dependence in the cross section. Results are expected up to about 80 GeV, somewhat below
the Z° mass.

Interesting studies can be performed at LEP2 with double tag 77 events using Very Small
Angle Tagger (VSAT) detectors due to the high enough cross section for the polar angle region
(2 - 15 mrad) covered. The DELPHI collaboration had already obtained some new results
studying the single tag events in their VSAT [54] (similar detectors are currently being used
in OPAL or upgraded in ALEPH and L3). The double tag mode is attractive due to the
possibility of a direct measurement of both the hadronic invariant mass produced and the
absolute momentum transfers squared for both photons. Taking into account the experimental
constraints and the efficiency of the hadronic system registration, for 500 pb"1 of data, we
expect about of 6000 VSAT double tagged events per experiment.
In Fig. 18 the 77 invariant mass distributions are illustrated for the visible W^, (black circles),
the true WtTuc (solid line) and Wtag (triangles) reconstructed from the tag measurements. Also
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Figure 18: Distribution in the number of events according to the various hadronic mass deter-
minations.

displayed is the ratio Wtrue/Wtag shown for two regions of Wtrve, above 40 GeV (triangles and
solid line) and below (white circles). It appears that for W above 40 GeV, there is a good
agreement between the Wtae and WtTue. This means that one expects reliable results because
there is little need to apply unfolding procedures in that region. The conclusion from this
picture is that the extraction of the total 77 cross-section <r71 is possible in a wide region
indeed: even above 80-90 GeV the statistics available is greater than 100 events.

Summarizing the above we can say that LEP2 will open a new opportunity to obtain reliable
values of total cr^ for a 77 central energy up to 80 GeV (100 GeV) in the untagged (double-
tag) case. This will increase five times the presently accessible range [55] (see Fig. 14). The
extrapolation of the cross section for virtual photons in the double-tag case to Q2 = P2 = 0
should be safe since the average virtualies (~ 0.5 GeV2) are much lower than where HERA
sees a strong x dependence in F'(x,Q2). The uncertainty in the extrapolation will further
be reduced by future HERA measurements at low Q2. Finally, double-tag events provide a
non-trivial check of hadronization models (see also sec. 3 in [4]).

5.4 Semihard quasidiffractive processes

We consider now the exclusive or semi-exclusive production of neutral mesons M

77 -» M M', 77 -> M + X (22)

in the semihard region

W2 > v\ = I'l > M2, W2 = (Pi-,-rP2iY, t = {p^-pMf, y. = 0.3 GeV. (23)
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Here M is a vector (V = p°,w,<j>, . . .*) , or pseudoscalar (P = ir°,rj,Ti'), or tensor (T = a 2 , / 2 , / ' )
neutral meson and X is a hadron system with not too large invariant mass Afjj. ~ \t\. Such
processes are discussed in a number of papers (see, for example, [57-59]).

The condition \t\ <C W2 determines these processes as quasi-Regge ones. In the production
of the vector meson V vacuum quantum numbers are transferred from the photon to the meson.
The energy dependence of these processes is determined by the Pomeron singularity. In the
production of pseudoscalar P or tensor T mesons the corresponding singularity is the odderon.
In perturbative QCD (pQCD), the Pomeron (PP) and the odderon (PO) have the same status,
however, the current data do not indicate unambiguously the odderon contribution to the total
cross sections.

In the lowest order of pQCD the processes (22) are described by diagrams with two quark
exchange. Their contribution to the cross section da/dt decreases as W~* with increasing
W [57]. However, the contribution of the diagrams with the gluon exchange does not decrease
with W while t is fixed. For the production of vector mesons V the lowest nontrivial dia-
grams of pQCD corresponds to the two-gluon exchange and for the production of P and T
mesons to the three-gluon exchange. The current lowest order calculations are performed in
this approximation [57,58]. In Tab. 2 the expected event rates are given.

It should be emphasized that the lowest order calculations (LO) provide a lower limit of the
expected event rates, as, at high enough energies, higher-order terms in the perturbative series
such as <*»(pi)ln(W2/j>x) become large and lead to a considerable increase of the cross sections.
For the PP case, this effect has been calculated in the leading logarithm approximation (LLA)
(see Refs. [60] and references therein). Denning z = 3a,/(2tr)ln W2/Wg the expression for the
differential cross section can be written [59], as a power series in z, i.e.

dt dt dt
\K{W\t)\2 (24)

The value of z is very sensitive to the choice of parameters: for example, taking a, = .2 (small),
Wo

2 = 4(p2
r + m2

/) = 16 GeV2 (large) and Wmin = 15 GeV one obtains the conservative estimate
z = .25. LEP2 can get statistics in the region z = .25 — .5. If z > .5, the perturbative series
needs to be summed to all orders and the striking power behaviour of the cross sections emerges,

(25)

where l + w0 is the "intercept" of the BFKL Pomeron and the W dependence in f(W,t) is weak.
A corresponding strong enhancement over the two-gluon exchange results is thus anticipated.
For large values of z we have the LLA result 2u>0 = (12/7r)o;,(t)ln4 leading eventually to
a violation of the Froissart bound. At large enough W2 this growth should be stopped by
unitarity to satisfy approximately K(W2,t) < 25 [57]. The PO estimations in [60] show that
there is an increasing function of a parameter like z also for the PO.

In the case of J/9 production there exists a prediction [59] which takes into account the
coupling of the reggeised gluons to the cc-J/*$ system. For pf. = — t -C Af| and large z the
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cross section is given by

_ , , 47r3exp(16zln2)
_ 16. a (a.CF) - {

4 < M2

In - ^ (26)

where c^ = 3/4 and f^ = 0.38 GeV.

process

PP

PX

J/VJ/9

J/VX

*°X

Wmin (GeV
15
15
15
15
25
15
15
15
15
15
25
25
15
10

I<U (GeV2)
9
4
4
9
16
4
9
-
4
4
4
4
-
5

©min (mrad)
-

87
175

-
-

87
87
-

87
175
87
175

-
-

LO
0.8
9.2
2.4
100
13

840
240
10
1.4
0.5
0.5
0.1
120
180

LLA Eq. (25)
180/140

23000/18000
2300/2100

2500/2000

26000/21000

LLA Eq. (26)

570
320
440
220

Table 2: Number of expected events for LEP II with an integrated e+e~ luminosity of 500 pb 1.
The calculation was done for anti-tagged e+e~ events with Qe < 30 mrad.

In Tab. 2 we present the number of expected events for LEP2 based on the two regimes (LO
and LLA) described above. Since one does not know at which energy the asymptotic predictions
become valid we expect the number of experimentally observed events to be bracketed by the
two sets of predictions. Further uncertainties are associated to the choice of a, and Wo and the
fact that the enhanced rates are obtained using the large z approximation in solving the BFKL
equation. More modest enhancements can be expected for the z values typical of LEP2 (see the
numerical studies in [59]). The values for the 77 cross sections in lowest order are the following:
for the J / * production we use the total cross sections obtained in [58], for p" and TT° the cross
section corresponds to the region —t > |tm;n|. In the calculations, the photon-photon energy
was restricted to W77 > Wmtn. Furthermore, results are given for the cross sections demanding
the meson to emerge at angles larger than 0m l n . For the estimation of the effects of BFKL
Pomeron we use the K factor calculated for the process 77 —> 77 via two cc pairs [60]. To show
the strong dependence of the results on the limitation of K, two sets of numbers are given (last
row), for K < 25 and for K < 20. In addition, the event rates according to Eq. (26) (neglecting
unitarity corrections) are given. Note that the numbers obtained with the constraint on 0 m l n

are calculated with a fixed value of a, = 0.32 whereas for the other numbers running a, was
used.

In conclusion, it appears that the study of diffractive phenomena in the semi-hard domain
may yield interesting information on the nature of the Pomeron.
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6 Large-pj processes and NLO phenomenology 10

As it is the case in the study of the proton structure the production of jets or hadrons at large
px in 77 collisions is complementary to the deep-inelastic scattering of a real photon: indeed
the latter reaction essentially probes the quark distribution while large pr phenomena are also
sensitive to the gluon distribution. In order to reliably understand the hadronic structure of
the photon both types of processes (as well as heavy flavor production, see next section) should
be studied and compared to the theory. Taken together, they will allow the determination of
the parton distributions in the photon. For this purpose, we discuss below the jet inclusive
cross section at the next-to-leading order (NLO) in QCD and related processes in the case of
anti-tag or single tag experiments. The possibility to identify the gluon jet in three-jet events
is also considered.

6.1 The structure of the hard process

Large pr processes involving real photons are rather complex. This arises from the fact that the
photon couples to the hard sub-process either directly or through its quark or gluon contents.
The cross section for the production of a jet of a given px and pseudorapidity t) can therefore
be decomposed as (D: direct, SF: structure function, DF: double structure functions)

do- dcD dcrSF daDF

dprdrj dpxdt) dprdr/
(27)

where each term is now being specified. In the NLO approximation [35] the "direct" cross
section takes the form

2TT
'-KD(R;M). (28)

with the corresponding diagrammatic decomposition shown in Fig. 19a and b. The parameter
R specifies the jet cone size, while fi and M are the renormalization and factorization scales
respectively. When one photon couples directly and the other one through its structure function,
it leads to

d<TS

(29)

where some diagrams representative of the O(a,) and O(a?,) terms on the right hand side
are shown in Fig. 19c and d, respectively. The underlined diagrams in Fig. 19b and c are in
fact the same but they contribute to different regions of phase space. When the final state
quark is not collinear to the initial photon (as in Fig. 19b)) the exchanged propagator has
a large virtuality (shown by the fat line) and the corresponding contribution is associated to
the hard subprocess KD. When the final quark is almost collinear to the initial photon (as

10P. Aurenche, M. Dubinin, R. Engel, J.P. Guillet, J. Ranft, Y. Shimku, M.H. Seymoui
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Figure 19: Some diagrams contributing to jet production in 77 collisions in the NLO approxi-
mation.

in Fig. 19c)) the virtuality of the exchanged propagator is small and the interaction is soft
(long range). Roughly speaking the factorization scale M separates the hard region from the
soft region and changing this arbitrary scale shifts contributions from dtrD to dcrSF but clearly
should not affect the sum dcrD + d<rSF [61]. A similar compensation occurs between dcrSF and
do-DF (see Fig. 19d and e). In conclusion, only the sum eq. (27) has a physical meaning and
it is not legitimate to associate d<rSF and d<rDF to experimentally measured "once resolved"
and "twice resolved" components. To illustrate quantitatively the variation of the theoretical
predictions under changes of M and fi we consider the production of jets at pr = 10 GeV/c
and 17 = 0: Fig. 20a is obtained when setting arbitrarily KD = KSF = KDF = 0 (the so-called
leading order (LO) predictions) while Fig. 20b takes into account the full expressions: the gain
in stability is remarkable despite the fact that no saddle-point or extremum is found [35]. In
the following we always use for definiteness M = fi = pr-

6.2 Transverse momentum and rapidity distributions

In order to compare theory and experiment one must convolute the above cross sections with
the Weizsacker-Williams spectrum of quasi-real photons emitted by the electrons, taking into
account the experimental conditions. The usual antitagging conditions defined in sec. 4 are
used here (0e < 30 mrad or Ee < 1 GeV). The appropriate Weizsacker-Williams spectrum
is given in eq. (14). We display in Fig. 21 the jet pr distribution, the jet pseudo-rapidity
being integrated in the interval |iy| < 1. The complete NLO expressions are used. The solid
curve is the prediction when using the full AFG parton distributions (with a VMD input at
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Figure 20: Variation of the e+e~ -+ e+e~jet cross section under changes of scales: a) leading
logarithmic approximation; b) next-to-leading logarithmic approximation.

Ql = .5 GeV2) [19], while the dashed curve is obtained when one artificially sets the VMD
component equal to 0. More precisely, in the latter case, the quark and gluon densities are
vanishing at Ql and they are generated by the evolution equations at larger Q2, It is clearly
seen that the VMD component is quite important at p? = 5 GeV/c (about 40%) but rapidly
decreases as p? increases since it is less than 10% at pr = 20 GeV/c. One may note that
the VMD component of the quark is also tested in photon structure function studies but large
pr processes are also very sensitive to the VMD component of the gluon which dominates for
x < .5. With the luminosity expected at LEP2 the error bars in the data will be sufficiently
small to constrain the size of the VMD input.

As mentioned in the structure function section above it will be possible to probe the virtual
photon structure in deep-inelastic type experiments. We show here that it can also be probed in
jet studies. Using the tagging conditions .2 < Q2 (GeV2) < .8 and z7 < .5, typical of LEP2, on
one photon and the usual anti-tagging condition on the other, one still obtains an appreciable
jet cross section as shown on Fig. 21: about 100 events with pr = 10 ± lGeV/c are expected.
Let us remark that, thanks to the usual VMD form-factor, the VMD contribution is rapidly
reduced when considering tagged electron (it is reduced by roughly 75% when going from a real
photon to a photon of virtuality Q2 = .5 GeV2).

Despite the warnings given above, we display in Fig. 22 the break-up of the single inclusive
jet cross section, integrated in the range \q\ < 1, into the DIR, SF and DF components. These
curves can serve useful purposes when comparing these analytic calculations with those based
on Monte-Carlo generators. Of course, the size of the various components depend strongly
on the choice of the factorization scale (here we use M = /i = pr). In the figure, obtained
using the leading logarithmic expressions for the sub-processes we see that DF component
dominates the lower end of the distribution but is less than 20% at px = 20 GeV/c. Nowhere
does the SF terms dominate. In Fig. 23 we show the rapidity dependence for pr = 5 GeV/c
and pr = 15 GeV/c of the various components both in the LO and the NLO approximation.
One sees that the pattern of higher corrections is quite different for the different subprocesses:

323

\

• \

•""--V.

Figure 21: Jet pt distributions. Left: The NLO cross section using the full structure functions
(solid line) compared to the case when only the perturbative part is kept (dashed line). Right:
the same as above (solid line) in the LO approximation and the cross section when one of the
photon is tagged (dashed line).

the DF component is appreciably increased by the higher-order corrections (about 40%) while
the DIR component is decreased and (roughly 15%) the SF component remains stable. This
pattern of higher order corrections is independent of the transverse momentum or rapidity. It
is interesting to remark that at pr = 15 GeV/c the hierarchy of cross sections is reversed when
including the higher order corrections with the DF term dominating over the DIR one despite
the fact that the overall cross section is not affected very much. In conclusion, one may say
that the higher-order corrections affect the structure of the cross section more than its overall
size.

It will be very useful to study a more exclusive observable namely the di-jet cross section.
Quite interesting phenomenology is coming out of HERA [62]: it allows to separate on an
experimental basis events dominated by the direct component from those dominated by the
photon structure function. For an application of this technique to 77 reactions we refer to the
"High-pr" section of [4]. NLO calculations are in progress [63].

Recently data on jet distributions have been published by the TOPAZ [64] and AMY [65]
collaborations. The above calculations are in good agreement [35] with the single jet distribution
of TOPAZ when using the AFG parton distributions [19] while both the NLO predictions [63]
and the PHOJET [66] results using the GRV parametrizations [11] fall below the data. In
contrast, a rather good agreement, at least at large pr values, is found with the two-jet data
of TOPAZ in [63] and [66].

A word of caution should be said concerning large pr phenomenology. Even at LEP2 we
are dealing with rather low pr jets and the comparison between the theoretical predictions, at
the partonic level, and the experimental distributions at the hadronic level may not be easy
because of the non negligible contribution to the jet transverse momentum from the "underlying
event" [67]. Good event generators are required to understand this point and also a lot should
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Figure 22: The various components of the jet px spectrum. The full cross section: full line; the
DIR component: dashed; the SF component: dotted; the DF component: dash-dotted.

be learnt from present HERA studies. To avoid this difficulty it will be extremely interesting
to consider the single hadron inclusive distribution which probes the same dynamics as jet
production. New parameters come into play through the fragmentation functions of partons
into hadrons but these distributions should soon be rather well constrained as several groups are
at present extracting NLO parametrizations of fragmentation functions using data from both
e+e~ colliders and pp colliders [68]. Concerning lower energy data, the situation concerning
single hadron production is rather confusing and paradoxical as the experimental results [69] are
much above the NLO theoretical predictions [70] at large pr (where the DIR term is predicted
to dominate) while they agree with the theory at lower pr. Data are eargerly awaited to clarify
this point.

6.3 Three-jet events and the separation of gluon jets

The first direct evidence for gluon jets was seen by the PETRA experiments as three-jet events,
e+e~ —> qqg, where all three partons have high energy and are well-separated in angle. Ever
since, one of the important aims of QCD studies has been to measure the similarities and
differences between quark and gluons jets, as well as collective quark-gluon phenomena such
as the string effect [71]. One of the important questions is to what extent such effects can
be described by perturbative QCD, rather than non-perturbative models. However, many of
the studies are inconclusive on this issue, because at any given energy, most non-perturbative
models can be tuned to mimic the perturbative effects, and it is only in the energy-dependence
that definitive differences can be seen. But comparing experiments at different energies typically
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Figure 23: The jet rapidity distributions at fixed pr- The meaning of the curve is as'in the
previous figure. The dotted lines are the LO results while the starred line are the NLO results.
Left: pr = 5 GeV/c; right: pr = 15 GeV/c.

involves large uncorrelated systematic errors. In 77 collisions on the other hand, one can study
a wide range of energies in the same experiment, and can thus study energy-dependent effects
much more reliably.

We can make a rough estimate of the three-jet rate by taking the leading logarithmic
approximation to the total two-jet rate [72] and simply multiplying it by a factor of a, as an
estimate of the fraction of three-jet events. We require each jet to have a transverse momentum
above p ^ , both with respect to the beam axis and each other, and hence obtain

Nca* , s , s
— — log -5— log2 - x a , .

It is worth noting that the smallness of a, cannot be compensated by any large logarithms,
because the appropriate logarithms are log Wr2/p?DiM and the W* distribution is dominated by
W* ~ p\mim. Nevertheless, we obtain around 104,103 and 102 events in 500 pb"1 for ptmim = 5, 15
and 35 GeV respectively. For such studies it is important to know which jet is the gluon. The
cleanest way to do this is by flavour tagging the quark jets, but this severly reduces the rate. In
e+e~ annihilation, the fact that the gluon's energy spectrum is softer than the quark's was used,
by always calling the softest of the three jets the gluon. By explicit analytical integration of
the full five-dimensional matrix element for 77 —> qqg down to a distribution over the energies
of the quarks [73], we find that the same is also true for 77 collisions (Fig. 24, see [73] for
further details). Thus the gluon jet in three-jet events can be statistically tagged by calling it
the softest jet.

Although a more complete study incorporating realistic detector cuts and the effects of
hadronization is clearly needed, it seems hopeful that a sample of three-jet events could be
isolated and a study of the energy-dependence of quark-gluon jet effects made at LEP2.
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Figure 24: Differential spectra sdo-jdz of parent quark and gluon in the reactions e+e~ —* qqg
and 77 —» qqg

6.4 Role of the experimental cuts on the inclusive jet spectrum

We have seen in sec. 4 that the radiative production of Z° bosons provides an important
background to 77 physics when one looks for rare events such as large pr jets. Various cuts
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Figure 25: Jet cross section for events satisfying cut 1 (full line) and cut 1+2+3+4 (dotted
line). Left: distribution inpr with \njtt\ < 1; right: distribution in t)jtt for fixed pr = 7 GeV/c.
(Calculated with PHOJETj.

have been devised which considerably reduce the background. The study of the effect of these
cuts on the signal requires the use of a Monte-Carlo generator and we use here the PHOJET
program [47,48]. We have checked that the unbiased jet pr spectrum is in good agreement with
the analytical results described above. In Fig. 25 we see that, as expected, only the upper end
of the spectrum is reduced by the cuts (see sec. 4 for the meanings of the cuts) while at fixed
px mainly the large \t]jet\ regions are reduced. The net result is that, after cuts, the rate for
producing jets with pr — 20 GeV is comparable in the signal and in background. Needless to
say that jets produced in single tag events are not affected by the background.
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7 Heavy-quark physics n

A favourable aspect of heavy flavour production in 77 collisions compared to other 77 processes
is that the heavy quark mass ensures that the separation into a direct and resolved processes
is, to next-to-leading order (NLO) in QCD, unambiguous, i.e. does not depend on an arbitrary
separation scale. Experimentally one may perform this separation by using single tag events
(see below), by using non-diffractively produced J/ip's, or by using the photon remnant jet,
present in resolved processes, as a separator. Therefore heavy flavour production at LEP2
provides a good opportunity for simultaneously testing QCD (direct process) and measuring
the poorly known gluon content of the photon (resolved processes).

7.1 Theory

We first discuss the theoretical aspects of the reaction 77 —* QQ where Q (Q) is a heavy (anti)-
quark (charm or bottom). In practice the cross section for bottom production is too small to
be observed at LEP2 so, in what follows, only charm production will be considered. Figure
26 shows some of the diagrams contributing to heavy quark production in two-photon physics.
Diagrams (a)-(c) are examples of the so-called direct process in which the photon couples
directly to a quark. Diagram (a) is the Born term direct process which is equivalent to the
Quark Parton Model (QPM), (b) and (c) represent virtual and real QCD corrections to the Born
amplitude. At low beam energy the direct process is completely dominant, however at LEP2
the production of open charm in the collision of two effectively on-shell equivalent photons
receives contributions in about equal amounts from the direct- and once-resolved channels
diagrams (d)-(f). In Ref. [74] this process was calculated to NLO in QCD, and all theoretical
uncertainties (due to scale choice, mass of the charm, and choice of photonic parton densities)
were thoroughly investigated. The largest part of the resolved process is given by the photon-
gluon fusion process; this property offers the possibility of measuring the gluon content of the
photon which is currently poorly known. Doubly resolved processes have been calculated to
give a negligible contribution for presently available beam energies [74]. In Fig. 28 the total
cross section and its theoretical uncertainty is shown as a function of the center of mass energy,
together with some recent measurements. LEP2 offers the possibility of a serious comparison
between a fairly well understood theory and experiment with considerably more statistics than
hitherto. Given this larger statistics it will be interesting to make this comparison not just for
the total cross section, but also for various differential distributions. Single particle distributions
in the transverse momentum and rapidity of the heavy quark are given in [74]. Correlations
between the heavy quarks in the direct process, including NLO effects, have recently been
studied in [75], but will be difficult to observe at LEP2.

Furthermore, the NLO prediction for the one particle inclusive transverse momentum dis-
tribution contains potentially large terms ~ a, ln(p(/m) which might spoil the convergence of
the perturbation series at pt ;> 771. In Ref. [76] the NLO cross section for large p< production
of heavy quarks in direct and resolved channels has been calculated in the framework [77] of

l l M . Cacciari, A. Finch, M. Kramer, E. Laenen, S. Riemersma, G.A. Schuler, S. Soldner-Rembold
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(c)

Figure 26: Examples of diagrams contributing to heavy quark production in 77 collisions, (a)
Direct contribution: Born term (QPM); (b) virtual correction to direct term; (c) real correction
to direct process; (d-f) "resolved" contributions.

perturbative fragmentation functions. This approach allows for a resummation of the large
logarithmic terms and thereby reduces the scale dependence of the NLO prediction.

The process 7*7 —» cc is considerably more suppressed than the previous one due to the
photon being off-shell. The structure functions F2(x,Q2) (and F2(x,Q2)) for open charm
production in deep-inelastic single-tag events were calculated to NLO in QCD in [17]. It was
found that the contributions from the direct (or "pointlike") and resolved (or "hadronic")
separate in the variable x: above x ^ 0.01 F£(x,Q2) is almost exclusively due to pointlike
photons, and hence calculable, below this value it is mainly due to resolved photons, and
essentially proportional to the gluon density in the photon, see Fig. 27a. Experimental studies
of the reaction e+e~ —» e+e~D'±X with one outgoing lepton tagged ("single-tag") have been
done by JADE [78] and by TPC/Two-Gamma [79] at low average value (Q2) of the momentum
transfer squared of the tagged lepton (below 1 (GeV/c)2) and by TOPAZ [80] at somewhat
larger (Q2). The total number of events obtained was however very small (about 30 for TOPAZ).

Theoretical uncertainties in these quantities were investigated and are well under control.
Numbers of events expected per bin in x, Q2 over the lifetime of LEP2 are also given in Fig. 27b
and in [81]. One may conclude from these that with a not too pessimistic charm acceptance
(1-2%) a measurement of F^(i,Q2) should be feasible. Some single particle differential dis-
tributions in the transverse momentum and rapidity of the heavy quark have been studied
in [81].

Let us finally mention onia production. The radiative decay width of the charmonium states
Vc, Xco and Xc2 can directly be measured in two-photon collisions at LEP2. These 77 partial
widths provide an important test of the non-relativistic quarkonium model. We refer to the
section on resonances and exclusive states for more details. We comment here only further on
the case of J/J>.
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Figure 27: a) FJ(x,Q2)/a as a function of x at Q2 = 5.9(GeV/c)2 for charm production at LO
and NLO in QCD. The dashed line is the resolved (or hadronic) contribution (lower curve at
small x: NLO, upper: LO), the solid the direct (or pointlike) (upper curve: NLO, lower: LO);
b) Number of events in x,Q2 bins. Upper number: resolved contribution, lower number: direct.

Two-photon production of J/ij> bound states is an attractive tool to determine the gluon
distribution in the photon. In contrast to the case of open heavy flavour production, J/V>
mesons are generated only via resolved photons and can be tagged in the leptonic decay modes.
Higher order QCD corrections to J/ifr production in photon-gluon fusion have been calculated
in [82]. Including NLO corrections, the cross section for inelastic J/ij> production in 77 collisions
at LEP2 is predicted to be about 5 pb, suggesting that a measurement of this reaction may be
feasible.

7.2 Experiment

We review in this section the experimental status of charm production in 77 collisions, list and
evaluate presently available charm identification methods, and extrapolate published results to
total charm cross sections for the purpose of comparison. We think this is useful as no such
review is presently available in the literature.

Experimental measurements of charm production in 77 physics require some form of tag
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to identify the presence of the charm quark. There are a number of different techniques that
have been used for this in the past. They cover a spectrum in which generally the higher the
selection efficiency of the tag, the larger the problems due to backgrounds from non charm
contributions. These different techniques are described in the following and are summarised
in Table 5 and Fig. 28. In order to enable the different experimental results to be compared
we have attempted in this report to extrapolate the published results to a total charm cross
section. Some caution is in order however when comparing theory and the results of different
experiments in this way. This arises from the strong dependence of the cross section at low pt on
the choice of charm mass and renormalization scale. As all experimental results are made above
some explicit or implicit p, cut, extrapolating back to a total cross section increases the error
on the measurement. This problem has been treated in different ways by each experiment, e.g.
TOPAZ [80,83] chose only to quote a cross section in a limited acceptance. Table 3 summarizes
the approach of each experiment.
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Figure 28: Comparison of theoretical predictions and experimental results for the total charm
cross section. The experimental results have been extrapolated to a total cross section from
published measurements. Insert shows the results from Tristan experiments at a beam energy of
29 GeV. Results are tabulated in Table 6. The bands represent a range of theoretical predictions.
See table 4 for details.

Figure 29: Distribution of transverse momentum pt{K.) of K. simulated with PYTHIA 5.7 at
n GeV.

We now discuss the various charm tagging techniques in more detail. The D* tagging
technique exploits the fact that the available kinetic energy in the decay D"+ —• D°?r+ is only
6 MeV. The signal is typically displayed by plotting AM = MD.+ — MD° for all reconstructed
decay product candidates. A D° decay mode can be used in this analysis if it has a reasonable
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Experiment
JADE [78].

TPC/Two-Gamma [79]
TASSO [84]

TOPAZ D* [83]
TOPAZ T. [80]

TOPAZ lepton [88]
AMY jr. [87]

AMY lepton [87]
VENUS [89]

ALEPH [85]

Charm mass (GeV/c2)
1.5
1.6
1.6
1.3-1.8, fi = m/2 - 2m
1.3; iteratively tuned to the data
1.3-1.5 (1.6 in fragmentation)
1.6, ji = i/2m
1.6, fi = \/2m
Direct 1.6 ± 0.2, Resolved 1.35 ± 0.2
(included in systematic error)
1.6

Table 3: Treatment of charm mass (m) in extracting experimental results, p, is the renormali-
sation scale; unless otherwise stated it is equal to the charm mass.

branching ratio (at least of order 1%). Published results have included the decays K~ir+,
K~ir+7r°, K~ir+7r+7r". Having formed a candidate D° meson, which is within the accepted
mass range, tracks identified as pions are added in turn to form candidate D'+ mesons, AM
being determined in each case. For background tracks the spectrum rises from a kinematic
lower limit of 139.6 MeV/c2 (M»+), whilst the signal produces a peak at 145.5 MeV/c2, i.e.
MD>+ — MD°, which is a region where the background is small.

Early measurements were reported by JADE [78], TPC/Two-Gamma [79], and TASSO
[84]. More recently results have also been produced by TOPAZ [83] and ALEPH [85]. These
results are summarised in Table 6. The adjusted figure in column 4 takes account of various
factors. For TPC/Two-Gamma [79], JADE [78], TASSO [84] and the earlier TOPAZ result [83],
the adjustment accounts for the latest values for the D"+ and D° branching ratios [86]. The

Electron Energy
15
17
29
45
80
90

Direct (Born term)
75 ± 14
87 ± 16
146 ± 26
206 ± 34
302 ± 49
324 ± 53

Direct (NLO)
103 ± 19
120 ± 22
200 ± 35
258 ± 36
416 ± 74
444 ± 77

Resolved (NLO)
17 ± 6
23 ± 8
70 ± 2 2
195 ± 86
367 ± 120
440 ± 152

Table 4: Cross Section (pb) for charm production in two photon physics based on Ref. [7J,].
The highest values come from using a charm quark mass o/1.3GeV/c2 with the scale equal to
the charm mass. The lowest values use a charm mass o/1.7GeV/c2 with the scale equal to \fi
times the charm mass. The GRV [11] set of parton densities was used, and a lower cut of S.8
Ge V was applied for the invariant mass of the 77 system.
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Method

D** -+ D°ir±

Slow pions

(«* : < = 16)
Lepton Tags

Secondary
Vertices

Experiments

TPC/27) TASSO,
JADE, TOPAZ
AMY, ALEPH
TOPAZ, AMY

TOPAZ

TOPAZ, AMY
VENUS

Nfor
500 pb"1

500

0(1O3)

O(104)

0(1O2)

?

Comments

clean(T),
no VMD contribution(t),

pf' cut(J)
large background (J.)

VMD contribution(l)
& fragmentation (J.), s-quarks (J.)

background^),
fake leptons(|)
no b quarks(t)

boost ?

Table 5: Summary of experimental methods for tagging charm in 77 physics. In column 1 are
listed the experiments which have published results in each category. Column S is an estimate
of the number of events likely to be observed at LEP2 assuming similar selection efficiencies to
those at current experiments. Column S indicates advantages (|) and disadvantages (J.) of the
different techniques.

published TOPAZ cross section is with the additional condition pf > 1.6 GeV/c. A total cross
section was obtained from the published figures by multiplying the total QPM cross section by
the ratio of the observed cross section to the QPM cross section for the same acceptance.

The soft pion method is similar to the D" tagging method in that it takes advantage of the
small kinetic energy available to the soft pion in the decay of a D" to a D°, but avoids the
reduction of statistics which results in looking for fully reconstructed D*. It has been found
that if one plots the transverse momentum of all charged tracks in events with respect to the
jet direction that there is a small excess at very low values which is ascribed to these soft
pions. This excess sits on top of a background which is normally estimated by a fit to the pt

distribution in the nearby bins and by Monte Carlo studies. Measurements of this type have
been made by TOPAZ [80], and AMY [87] and are summarized in Table 6. Note that TOPAZ
published their result for the restricted acceptance pf* > 1.6GeV/c, |cos(0)| < 0.77.

In the lepton tagging technique one uses the fact that there is roughly a 10% branching
fraction for a charmed meson decay to include electrons or muons. However the problem is
that there are plenty of other sources of leptons in 77 events, so a measurement requires good
modelling of the background. Results have been published by TOPAZ [88], VENUS [89], and
AMY [87] and are summarised in Table 6.

Furthermore, kaons may be used for charm tagging; due to the quark charge, and neglecting
quark masses, direct strange quark production is suppressed by a factor 16 compared to direct
charm quark production in 77 collisions. Therefore a large fraction of the K, observed come
from decays of primary charm quarks. However, a substantial number of kaons is also produced
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Experiment

TPC/Two-Gamma [79]
JADE [78]
TASSO [84]
TOPAZ [83]
ALEPH [85]
TOPAZ [80]

AMY [87]
Venus [89]

TOPAZ [88]
AMY [87]

Beam
energy (GeV)

14.5
17
17
29
45
29
29

to
 t

o 
to

to
 t

o 
to

Published
Measurement
74 ± 32 pb
20.5 events
97 ± 29 pb
77 ± 25 pb
155 ± 39 pb

23.5 ± 4.6 pb
169 ± 48 pb

68.4 ± 13 events
19.3 ± 3.4 pb
1.0 ± 0.23 pb

<r(e+e- ->
e+e- ccX) (pb)

120 ± 52
365 ± 150
142 ± 42
430 ± 140
326 ± 87
304 ± 60
355 ± 106
340 ± 65
451 ± 80
374 ± 86

Table 6: Measurements of charm production in two photon physics. The third column shows
the published measurement, either number of events or cross section. As these numbers are
not directly comparable we have extrapolated them to a total charm cross section in the fourth
column. The upper 7 measurements are of D*+ production, and out of these the first 5 mea-
surement listed employed the 'IT Trick', while the measurements in rows 6 and 7 used the 'Soft
Pion' method. The remaining S rows report measurements where lepton tagging was employed.

from strange quarks in soft VMD process and from u, d quarks in the fragmentation. Modelling
such production introduces systematic errors. The statistical errors, however, are expected
to be very small due to the large number of reconstructed K's. In Fig. 29 the transverse
momentum pt with respect to the beam axis is plotted for K, from 77 collisions reconstructed
in a typical LEP detector for Ecu = 91 GeV. The events were simulated with PYTHIA 5.7 [41]
including the VMD, anomalous and direct photon components. At pt(K,) > 1 GeV/c the
production from primary s and c quarks dominates over the production from u, d quarks. This
effect will be even more pronounced at higher energies. The still strong presence of primary
s quarks makes the measurement quite dependent on how this contribution is modeled. The
only published measurement of K, production in 77 events to date is by TOPAZ [90].

In principle it might be possible to observe the finite decay length of a charm quark using
techniques such as those used so succesfully to tag bottom quarks at LEP1 . These techniques
take advantage of the vertex detectors installed on LEP detectors and include impact parameter,
secondary vertex finding and neural nets. At present none of these techniques has been studied
in detail.

7.3 Prospects for LEP2

The cross section for charm production in both the direct and single resolved mode grows with
energy. The cross sections at Petra, Tristan, LEP1, and LEP2 energies are shown in Table 4.
Using these cross sections with the 500 pb"1 promised for LEP2 and assuming that selection
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efficiencies will be similar to those at present experiments produces the estimated events rates
given in column 3 of Table 5. Note that the total number of cc events at LEP2 will be around
5 -10*. It is clear that at LEP2 there is the prospect for high statistics measurements of charm
production. With these statistics it should be possible to produce a clean measurement of
the resolved and direct processes separately. Recently the direct and resolved contributions to
charm production were measured [90] by identifying the energy from the remnant jet, present
in resolved processes, seen close to the beam pipe. There is good reason to believe that LEP
experiments will be at least as capable of observing this energy and thus extend these studies
to higher energies where the contribution of resolved processes is larger. As mentioned in the
theory section there is also particular interest in measuring charm production in 7*7 events,
i.e. in events with a tagged electron. The rates for this will be roughly 5-10% of the untagged
rates given in Table 5.

8 Exclusive channels 12

The formation of light resonances by two-photon interactions is a powerful tool in understanding
the hadron spectrum and the dynamics controlling the interaction of their constituents. A
rigorous testing ground for nonperturbative QCD is provided by analyses of heavy quarkonia
for which relativistic corrections and dynamical effects of gluons can be included in a systematic
way. Similarly, the meson-photon transition form-factor at large Q2 and exclusive (meson
and/or baryon) pair production at large pr can reliably be calculated in QCD. Last but not
least, high-energy 7*(Q2)+7 -+ Vi + V2 and/or Vi+X2 reactions, where either Q2, the resonance
mass or the momentum transfer is large, allow us to enter a new domain of perturbative QCD.
Prospects for LEP2 will be discussed in the following.

8.1 Resonance production by quasi-real photons

Two-photon couplings provide a useful probe of the internal structure of mesons. Two quasi-
real photons couple in a selective way to C = +1 states, thus simplifing the analysis of mass
spectra where many hadrons are superimposed. The accessible resonances with spin < 2 have
jpc _ 0-+ ^s0), 2"+ QD%), 0+ + (3P0), and 2++ (3P2) where we have given in parentheses
the qq quark-model assignements in the spectroscopic notation. In particular the "classical"
resonances have been observed at e+e~ machines with 77 partial widths consistent with quark-
model predictions [91]. These are the light pseudoscalar 0~+ and tensor 2+ + states TT°, 77, n',
/2(1270), a2(1320), /2(1525), and, although with poor statistics, the cc states vc, Xco, and xc2.

Particularly interesting are, of course, those resonances whose 77 couplings are not consis-
tent with quark-model estimates. On the one hand, conventional 77-width calculations might
not be reliable enough. As an example let us mention the ;r2(1670), thought to be the 1D2

(uu — di)/\/2 quarkonium state. Here the discrepancy between the measured 77 partial width

" A . Buys, E. Boudinov, W. Da Silva, S.R. Hou, M.N. Kiensle, P. Kroll, J. Patisi, T. van Rhee, G.A. Schuler,
B. Wilkens
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and the non-relativistic calculation [92] could be due to large relativistic corrections [93]. On
the other hand, mesons thought to be non-qq states generally have 77 widths far from expec-
tations for a qq state. These anomalous states include the /o(1500), /o/2(1720), /j(2230), the
17(1410), 17(1460), and the /i(1420) (for a recent review see e.g. [94]). Measurements of their
77 widths have the potential to resolve the enigma of these mesons.

Exploring the exclusive channels at LEP2 has pros and cons compared to lower-energy ma-
chines. There are two advantages. First, the signal cross section <r(e+e~ —> e+e~R) rises13 with

Experiment

CLEO II [100]
TPC/27 [98]
PLUTO [97]

L3 [101]
LEP2

(GeV)
11
29
35
91

175

JLdt
Pb"1

3000
69
45
30

500

(Pb)
17
48
56

104
147

A

0.54
0.35
0.33
0.25
0.21

o-k
(Pb)

9.2
16.8
18.5
26.0
30.2

Table 7: Comparison of existing data samples for <r(e+e~ —» e+e~»7c) with estimates for LEPS.
The geometrical acceptance A is defined in the text. The fourth column gives the full resonance
production cross-section calculated with exact kinematics and a J/ij> form factor.

the e+e centre of mass (cm) energy y/s, while the background from the ^-channel annihilation
reaction decreases as m 1/s. Second, since the energy released in annihilation events rises with
y/i, the two contributions become more separated at higher energy [96].

There are also two disadvantages compared to experiments at lower energies. First, the
detector acceptance is reduced since the photon-photon system receives on average a larger
Lorentz boost. Table 7 displays the acceptance as a function of y/s for the case of rjc production
[97-102] in the decay channel r)c —* 47r. All LEP detectors have a good solid angle coverage.
For our studies we [103] use the following geometrical acceptance: 20° < 8 < 160° for tracks
with a pt > 0.1 GeV and 15° < 8 < 165° for photons with E > 0.1 GeV. As can be seen from
Table 7 the acceptance slowly decreases with the centre of mass energy. Due to the increase
in the cross section, we find still a net gain on the number of observed events. For lighter
resonances the acceptance decreases, from ~ 20% at 3 GeV to ~ 4% at 1.3 GeV.

The second disadvantage concerns the triggers. Their efficiencies are more difficult to eval-
uate. Since the interest of the LEP experiments is centered on the maximum available energy,
the two-photon events are mainly seen by triggers based on tracks, thus excluding the obser-
vation of purely neutral decays of resonances. The combined effect of the trigger and analysis
cuts reduces the efficiency by factors varying from about two at a mass of 3 GeV to about 15 at
1.3 GeV. As examples we show in Table 8 the expectations for the lightest 0~+ and 2+ + states.
With current triggers, only the n' can be studied in the pseudoscaler octet. The expected rates

l sIn the Low approximation, the two-photon cross-section rises as ln s s foi a 4r detector and as In* » for a
realistic, limited angular acceptance detector [95]; compare with Table 7.
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Resonance

*°
V
V

h
a2

decay

5T+JT~7

ir+TT"

if.*.

cross sections
(Pb)

no trigger
no acceptance

3381±23

4463 ± 44
1436 ± 5.5

82.04 ± 0.37

A

0.133
0.025
0.264
0.0416
0.0935

0.0188
<io-»
0.125
0.0033
0.0564

Events
untagged

9534

159000
1658
190

ttat

0.0016

0.003
0.0006
0.0011

Events
tagged

811

3815
301
4

Table 8: Examples of low-mass resonances at LEP2 (e+e~ -> e+e~R at y/s = 175 GeV for C =
500 pi"1). A is the geometrical acceptance as described in the text and e the efficiency including
trigger and analysis cuts: euntag for untagged and ttail for tagged events f0.2 < Q2 < 0.8 GeV1,
and Q2 > 7 GeV2). The third column gives the full resonance production cross-section, while
the number of events is calculated taking into account the branching ratio.

for the tensor octet are rather good, an analysis of these data has already started at LEP1 [104].

Let us emphasize the generally very low efficiencies, for example, the oj in Table 8. Its trigger
could easily be improved to reach the acceptance limit [103], We conclude that, if specialized
triggers are installed, good results on light resonance physics can be achieved except for purely
neutral decays. Hence even searches for glueballs might be within reach. Since their two-
photon widths are expected to be at least one order of magnitude below that of normal qq
states [105,106], searches for associated glueball (G) production, 77 —> ir°G are welcome: of
the order of 10 to 100 events should be produced above pr = lGeV at 500 pb"1 [107].

8.2 Resonance production with one off-shell photon

Resonances can also be studied in two-photon events in which one photon is far off the mass
shell. Usually, this is the domain of single-tag events where the virtuality Q2 is determined from
a measurement of the scattered electron. The Q2 range can be extended by including no-tag
events, in which case Q2 is reconstructed by the measurement of the pr of the resonance. In
particular one may cover Q2 ranges where the Q2 determination from the electron is not possible
(i.e. from about 0.8 GeV2 to 7 GeV2 at LEP2). Note that resonance production in single-tag
events is just the exclusive limit of the photon structure function (i.e. e7 —• eM). The interest
here is twofold. First, the meson-photon transition form factor can be measured, and secondly,
spin-1 states can be produced (the Landau-Yang theorem forbids their production from two
on-shell photons). Measurements of the pseudoscalar-photon transition form factors are now
becoming quite precise [108]. Also the 1 + + (3Pi qq) state /i(1285) has been observed [109] with
a 77 coupling consistent with quark-model estimates [110] for Q2 / 0 photons.

The LEP experiments can cover a large Q2 range with various tagging systems, e.g. for L3:
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VSAT (very small angle tagger) (0.2 < Q2 < 0.8 GeV2), LUMI (luminosity monitor ) (Q2 >
7 GeV2), and ECAL (the endcap electromagnetic calorimeter) (Q2 > 40 GeV2). Given the high
cm energy, high Q2 values should be reachable. We estimate that form-factor measurements
will, even with current triggers, be possible for at least the if, the fa, and the 7;c, see Table 8 and
Fig. 30. Concerning the spin-1 mesons, the /1 and Xci will certainly be observed. Otherwise

r\c formation

' 0 1 2 3 4 5 6 7 8 9 10

Q 2 (GeV 2 )
Figure 30: Expected number of JJC events as a function of Q2, for an integrated luminosity of
500 pb~l. All observable decay channels are included.

the same remark as above applies: with more dedicated triggers more resonances will become
accessible.

Theoretical predictions for the iyc-photon transition form factor Fw1(Q
i) [111] are shown in

Fig. 31, as well as a similar calculation [112] for F,^{Q2) compared to recent data [108,113].
For low Q2, models based on vector-meson-dominance (VMD), constituent quarks, QCD sum
rules or chiral perturbation theory work, in general, successfully for pseudoscalar mesons (P),
see e.g. ref. [114]. The Q2 dependence can be parametrized by

FF-,(Q2) = Tr4&rTT- (30)

For example, in VMD Ap is related to the Virj and Ve+e~ coupling constants (here V is the
corresponding vector state(s), i.e. p and u> for the ir°, and Jjij> for the i}c), and \p is given by
the vector-meson mass.

Form factors are particularly interesting at high Q2 since a factorization formula holds [115],
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Figure 31: Left: The Try transition form factor vs. Q2. The solid (dashed) line represents the
prediction obtained with the modified HSA using the asymptotic (CZ) wave function [112]. The
dotted line represents the results of the standard HSA for the asymptotic wave function. Data
are taken from [US], [108]. Right: The TJCJ transition form factor calculated assuming for the
nc decay constant 38ZMeV (solid line) and 284 MeV (dotted line).

which expresses large-<32 exclusive reactions as a product of process-independent meson dis-
tribution amplitudes and perturbatively calculable short-distance coefficients. In fact, asymp-
totically, i.e. for In Q2/'fi% —> oo (/t0 a typical hadronic scale ~ 0.5-1 GeV), the distribution
amplitudes are known and one derives the parameter-free result [115,116]

sftfp
Q2 (31)

where fp is the meson's decay constant (i.e. 130.7 MeV for the pion). A simple all-Q2 formula
is arrived at [115] by assuming (30) and fixing the two parameters from (31) (Ap = 2ff/p) and
the PCAC value of the form factor at Q2 = 0 (AP = l/(2\/2V/p))-

For finite Q2, a comparison of the full calculation and data allows the determination of
the distribution amplitude. The calculations shown in Fig. 31 are based on a modified hard-
scattering-approach (HSA) to exclusive reactions, in which transverse degrees of freedom, rep-
resenting higher twist effects, and Sudakov suppression are taken into account. The pion data
nicely agree with the calculation if one uses a wave function ~ exp[—a2k\/x(l — x)\, which
leads, after kx-integration, to the asymptotic distribution amplitude ~ x(l — x) {x is the mo-
mentum fraction carried by the quark inside the pion). In contrast, the use of a wave function
implying the Chernyak-Zhitnitsky distribution amplitude [117], leads to results in severe con-
flict with the data, see Fig. 31. That observation may have far-reaching consequences for our
understanding of other large momentum transfer exclusive reactions, as for instance 77 —*irir.

The Tfc-photon transition form factor has not yet been measured. The predictions shown in
Fig. 31 are obtained using the Bauer-Stech-Wirbel wave function [118]

] (32)
Its two parameters, namely the transverse size parameter a and the normalization constant N
cannot be fully fixed from the TJC —» 77 decay width. To illustrate the parameter dependence we

»„(*, kx) = Nx{l- x) exp [-a2Ml (x - 1/2)2] exp [-a2k2
L] .
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have taken the valence quark Fock state probability to be 0.8 and required a value of either 383
MeV or 284 MeV for the TJC decay constant. Referring to Fig. 30, a measurement of F^Q2)
up to Q2 ~ 10 GeV2 seems feasible.

8.3 Charmonium

The heavy quark systems can, to first approximation, be described by nonrelativistic quark-
potential models and many of their properties are expected to reflect the underlying dynamics
of QCD. For example (see e.g. [119]),

7 7 ) =
647ra2,

(33)

Here $^(0), the non relativistic wave function at the origin, contains all non-perturbative QCD
effects. Replacing the two photons by two gluons gives T(t]c —» gg) which, in the potential
model, is the total width I\,c of the TJC. It turns out [120] that the value of a,{Mc) determined
from the relation,

9a.(Mcy
8a2 (34)

is about 3 standard deviations below the value expected from other QCD measurements:
a,(Mc) = 0.33 ± 0.02 [96]. This indicates that corrections to the non-relativistic quark-
potential model are non-negligible. Recently, a rigorous factorization of heavy quarkonium
decays has been developed [121,122]. Both relativistic corrections and effects of dynamical
gluons (those associated with the binding) can be calculated in a systematic way. Phenomeno-
logical studies [120,123,124] show results that depend crucially on the input data.

These problems can be solved by high precision LEP measurements of the two-photon
widths I\y.y for charmonium states. In Table 9 we estimate the expected number of events for
the charmonium states decaying into 4n. For tagged events, the Q2 dependence is modelled
by a J/ip form-factor. Since the charmonia have very small branching ratios into Air [86], the

Resonance

Vc

XcO

Xc2

cross sections
(Pb)

146.8±1.5
25.9±0.3
18.2±0.11

A

0.21
0.22
0.22

^•untag

0.11
0.12
0.12

Events
untagged
97
57
17.5

0.01
0.01
0.01

Events
tagged

9.
6.
2.

Table 9: Example of charmonium production expected at LEP2; given is the channel e+e
e+e~R, R->iirforC = 500pi"1 at y/s = 175 GeV. A and e as in Table 8.

number of events can be increased substantially (factors 5-6) by measuring also other decay
channels [101,103]. Hence good measurements of the charmonium states, including the X'ci are
expected.
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8.4 Exclusive pair production

Two-photon exclusive meson and baryon production provides particularly clean tests of QCD.
At large angles, a factorization holds [115] which tells us that the exclusive scattering amplitude
is given as the product of a hard scattering amplitude and soft distribution amplitudes *j(z,p|,).
Although the latter are nonperturbative quantities, they are subjected to several constraints
(evolution equation in pr, asymptotic (pr —* °°) form, normalization in the case of mesons).
This leads to a parameter-independent prediction for the fall-off with s^ at fixed angle (d<r/dt oc
s^f, a^ for meson and baryons, respectively) and essentially parameter-independent predictions
for the angular distribution at moderate «,7 (see e.g. [3]). Current experiments reach ^/s^j
values up to about 3GeV, where a transition from the VMD-like angular distribution to the
one predicted by the HSA just becomes visible. Production of pseudoscalar- and vector-meson
pairs at LEP2 has been estimated during the last workshop: sufficient counting rates can be
expected to test the predictions up to y/5^7 ^5-6 GeV [3].

Calculations within the HSA have been extended in various ways. On the one hand, the
potentially dangerous endpoint regions in the x integration have been shown to be suppressed
by Sudakov form factors [125]. On the other hand, predictions now exist for the pair production
of baryons [126], heavy mesons (D, D*) [127], and (light) mesons with non-zero orbital angular
momenta [128]. Among the L > 0 mesons, a% <i2 might have a rate large enough to be
observable at LEP2, namely about 500 (50) events for a pr-cut of 1 GeV (2 GeV) (without
taking into account experimental cuts).

The standard (or possibly improved) HSA gives the leading-twist cross section at fixed
cm scattering angle or, equivalently, at fixed //«7 7 . At LEP2, a new domain of perturbative
QCD may be entered. This is the region nl <C \t\ < s^ (so-called semi-hard region) which is
discussed in sec. 5 where numerical estimates are presented.

8.5 Summary

In summary, many light resonances can be studied with good counting rates at LEP2, provided
the triggers of the experiments will be extended to low-momentum charged particles. The
trigger efficiency and acceptance generally increases with the resonance mass. Good results can
be expected for the four lowest-lying C = +1 charmonium states. Bottomonium resonances,
however, are beyond the reach of LEP2. Measurements of spin-1 mesons (notably the / i and the
Xci) &nd various meson-photon transition form factors will be possible both in single-tag events
and in untagged events through Q2 reconstruction from the hadronic final state. Measurements
of conventional pair production of 5-wave mesons should be possible up to 5-6 GeV CM energy,
allowing for definite tests of the HSA. Effects of QCD in a new perturbative domain are expected
to become accessible in semi-hard reactions.

Acknowledgements: We warmly thank J. Butterworth (ZEUS), M. Erdmann (HI), and
H. Hayashii (TOPAZ) for interesting discussions about recent HERA and TRISTAN results.
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1 Synopsis

1. The understanding of the mechanism responsible for the breakdown of the electroweak
symmetry is one of the central problems in particle physics. If the fundamental particles
- leptons, quarks and gauge bosons - remain weakly interacting up to high energies, then the
sector in which the electroweak symmetry is broken must contain one or more fundamental
scalar Higgs bosons with masses of the order of the symmetry breaking scale v ~ 174 GeV.
Alternatively, the symmetry breaking could be generated dynamically by novel strong forces
at the scale A ~ 1 TeV. However, no compelling model of this kind has yet been formulated
which provides a satisfactory description of the fermion sector and reproduces the high precision
electroweak measurements.

2. The simplest mechanism for the breaking of the electroweak symmetry is realized in the
Standard Model (SM) [1]. To accommodate all observed phenomena, a complex isodoublet
scalar field is introduced which, through self-interactions, spontaneously breaks the electroweak
symmetry SU(2)I,XU(1)Y down to the electromagnetic U(1)EM symmetry, by acquiring a non-
vanishing vacuum expectation value. After the electroweak symmetry breakdown, the interac-
tion of the gauge bosons and fermions with the isodoublet scalar field generates the masses of
these particles [2J. In this process, one scalar field remains in the spectrum, manifesting itself
as the physical Higgs particle H.

The mass of the SM Higgs boson is constrained in two ways. Since the quartic self-coupling
of the Higgs field grows indefinitely with rising energy, an upper limit on the Higgs mass is
obtained by demanding that the SM particles remain weakly interacting up to a scale A [3]. On
the other hand, stringent lower bounds on the Higgs mass can be derived from the requirement
of stability of the electroweak vacuum [3, 4). Hence, if the Standard Model is valid up to
scales near the Planck scale, then the SM Higgs mass is restricted to the range between ~ 130
GeV and ~ 180 GeV, for a top-quark mass Mt ~ 176 GeV. Moreover, if the Higgs particle is
discovered in the mass range up to the 100 GeV accessible at LEP2, this will imply that new
physics beyond the Standard Model should exist at energies below a scale A of order 10 TeV.
[These bounds become stronger (weaker) for larger (smaller) values of the top quark mass].

The high precision electroweak data give a slight preference to Higgs masses of less than
100 GeV, despite the fact that the electroweak observables depend only logarithmically on the
Higgs mass through radiative corrections [5]. They do not, however, exclude values up to ~ 700
GeV at the 2<T level [6], thus sweeping the entire Higgs mass range of the Standard Model. By
searching directly for the SM Higgs particle, the LEP experiments [7] have set a lower bound,
mH > 65.2 GeV [95% CL], on the Higgs mass.

The dominant production mechanism for the SM Higgs boson within the energy range of
LEP2 is the Higgs-strahlung process f+e~ —> ZH in which the Higgs boson is emitted from a
virtual Z boson [8|. The cross section monotonically falls from ~ 1 pb at mn ~ 65 GeV down
to very small values for Higgs masses near the kinematical threshold. The cross section for the
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production of Higgs bosons via WW fusion [9, 10] is nearly two orders of magnitude smaller
at LEP2, except at the edge of the phase space for Higgs-strahlung where both are small. In
the mass range between 60 and 120 GeV, the dominant decay mode of the SM Higgs particle
is bb [12]. Branching ratios for Higgs decays to T+T~,CC and gg final states are suppressed by
an order of magnitude or more.

The experimental search for the SM Higgs boson at LEP2 will be based primarily on the
Higgs-strahlung process. The Z boson can easily be reconstructed in all charged leptonic and
hadronic decay channels while the Higgs decay mostly leads to 66 and, less frequently, to r+r~
final states. Moreover, neutrino decays of the Z boson, augmented by W fusion events, can
be exploited in the experimental analyses. Higgs events can be searched for with an average
efficiency of about 25%. Exploiting micro-vertex detection for tagging 6 quarks, the Higgs
events can be well discriminated from the main background process of ZZ production even for
a Higgs mass near the Z mass. When the results of all four LEP experiments are combined,
after accumulating an integrated luminosity J £ = 150 pb"1 per experiment, the SM Higgs
boson can be discovered in the mass range up to mg ~ 95 GeV at LEP2 for a total center of
mass energy of y/s = 192 GeV.

3. If the Standard Model is embedded in a Grand Unified Theory (GUT) at high energies,
then the natural scale of electroweak symmetry breaking would be close to the unification scale
MGJJT, due to the quadratic nature of the radiative corrections to the Higgs mass. Super-
symmetry [13] provides a solution to this hierarchy problem through the cancellation of these
quadratic divergences via the contributions of fermionic and bosonic loops [14]. Moreover, the
Minimal Supersymmetric extension of the Standard Model (MSSM) can be derived as an ef-
fective theory from supersymmetric Grand Unified Theories [15], involving not only the strong
and electroweak interactions but gravity as well. A strong indication for the realization of this
physical picture in nature is the excellent agreement between the value of the weak mixing angle
sin2 &w predicted by the unification of the gauge couplings, and the measured value [15]-[21]. In
particular, if the gauge couplings are unified in the minimal supersymmetric theory at a scale
MQUT = O(10la GeV) and if the mass spectrum of the supersymmetric particles is of order m-z,
then the electroweak mixing angle is predicted to be sin2 $w = 0.2336±0.0017 in the MS scheme
for a. = 0.118=F0.006, to be compared with the experimental result sin2 (ffi = 0.2314±0.0003.
Threshold effects at both the low scale of the supersymmetric particle spectrum and at the high
unification scale may drive the prediction for sin2 9w even closer to its experimental value.

In the past two decades a detailed picture has been developed of the Minimal Supersymmet-
ric Standard Model. In this extension of the Standard Model the Higgs sector is built up of two
doublets, necessary to generate masses for up- and down-type fermions in a supersymmetric
theory, and to render the theory anomaly-free [22]. The Higgs particle spectrum consists of a
quintet of states: two CP-even scalar (h, H), one CP-odd pseudoscalar neutral (A), and a pair
of charged (H*) Higgs bosons [23] .

355

Since the tree-level quartic Higgs self-couplings in this minimal theory are determined in
terms of the gauge couplings, the mass of the lightest CP-even Higgs boson h is constrained very
stringently. At tree-level, the mass ro/, has been predicted to be less than the Z mass [24, 25].
Radiative corrections to m\ grow as the fourth power of the top mass and the logarithm of the
stop masses. They shift the upper limit to about < 150 GeV [26, 27], depending on the MSSM
parameters.

The upper limit on mh depends on tan/?, the ratio of the vacuum expectation values associ-
ated with the two neutral scalar Higgs fields. This parameter can be constrained by additional
symmetry concepts. If the theory is embedded into a grand unified theory, the 6 and r Yukawa
couplings can be expected to unify at MQVT- The condition of b-r Yukawa coupling unification
determines the value of the top-quark Yukawa coupling at low energies [28], thus explaining
qualitatively the large value of the top quark mass [18],[29]-[32]. For the present experimental
range [33], Mt — 180 ± 12 GeV, the condition of b-r unification implies either low values of
tan/3, 1 < tan/? < 3, or very large values of tan/? = Q(mt/mb) [29]-[32]. In the small tan/?
regime, the top-quark mass is strongly attracted to its infrared fixed point [34], implying a
strong correlation between the top-quark mass and tan/3. The large tan/? regime is more
complex because of possible large radiative corrections to the 6 quark mass associated with
supersymmetric particle loops [35, 36]. For small tan/? and Mt $ 176 GeV, the upper bound
on the mass of the lightest neutral Higgs particle is reduced to ~ 100 GeV. This mass bound
is just at the edge of the kinematical range accessible at a center of mass energy of 192 GeV
[37] - raising the prospects of discovering this Higgs boson at LEP2.

The structure of the Higgs sector in the MSSM at tree level is determined by one Higgs
mass parameter, which we choose to be mA, and tan/?. The mass of the pseudoscalar Higgs
boson rriji may vary between the present experimental lower bound of 45 GeV [7] and ~ 1 TeV,
the heavy neutral scalar mass mjt is in general larger than ~ 120 GeV, and the mass of the
charged Higgs bosons exceeds ~ 90 GeV. Due to the kinematics the primary focus at LEP2
will be on the light scalar particle h and on the pseudoscalar particle A. In the decoupling
limit of large A mass [yielding large H,!!* masses], the Higgs sector becomes SM like and the
properties of the lightest neutral Higgs boson h coincide with the properties of the Higgs boson
H in the Standard Model [38].

The processes for producing the Higgs particles h and A at LEP2 are Higgs-strahlung
e+e~ —> Zh, and associated pair production e+e~ —» Ah [39]. These two processes are com-
plementary. For small values of tan /? the h Higgs boson is produced primarily through Higgs-
strahlung; if kinematically allowed, associated Ah production becomes increasingly important
with rising tan (3. The typical size of the cross sections is of order 1 pb or slightly below. The
dominant decay modes of the h, A Higgs bosons are decays into 6 and r pairs, if we consider
SM particles in the final state [12]. Only near the maximal h mass for a given value of tan/9
do cc and gg decays occur at a level of several percent, in accordance with the decoupling
theorem. However, there are areas in the SUSY [fi, Mj] parameter space where Higgs particles
can decay into invisible X\Xi LSP final states or possibly other neutralino and chargino final
states [40, 41]. If the LSP channel is open, the h and A invisible decay branching ratios can be
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close to 100% for small to moderate values of tan/3. However, the Higgs boson h can still be
found in the Higgs-strahlung process. The pseudoscalar A, produced only in association with
/i, would be hard to detect in this case since both particles decay into invisible channels for
small tan/9.

The experimental search for h in the Higgs-strahlung process follows the lines of the Stan-
dard Model, while for associated Ah production 6666 and 66T + T" final states can be exploited.
Signal events of the Ah type can be searched for with an efficiency of about 30%; the back-
ground rejection is somewhat more complicated than for Higgs-strahlung, due to two unknown
particles in the signal final state. For small to moderate tan/3, h particles with masses up to
~ 100 GeV can be discovered in the Higgs-strahlung process. For large tan/? the experimen-
tally accessible limits are typically reduced by about 10 GeV. The pseudoscalar Higgs boson A
is accessible for masses up to about 80 GeV. [These limits are based on the LEP2 energy of 192
GeV and an integrated luminosity of / C = 150 pb"1 per experiment, with all four experiments
pooled.]

The supersymmetric theory may be distinguished from the Standard Model if one of the
following conditions occurs: (i) at least two different Higgs bosons are found; (ii) precision
measurements of production cross sections and decay branching ratios of h can be performed
at a level of a few per cent; and (iii) genuine SUSY decay modes are observed. Near the
maximum h mass, the decoupling of the heavy Higgs bosons reduces the MSSM to the SM
Higgs boson except for the SUSY decay modes.

4. In summary. If a neutral scalar Higgs boson is found at LEP2, new physics beyond the
Standard Model should exist at scales of order 10 TeV. In the framework of the Minimal
Supersymmetric extension of the Standard Model, there are good prospects of discovering the
lightest of the neutral scalar Higgs bosons at LEP2. Even though this discovery cannot be
ensured, observation or non-observation will have far reaching consequences on the possible
structure of low-energy supersymmetric theories.

In section 2 the theoretical analysis and experimental simulations for the search for the
Higgs boson in the Standard Model are presented. In section 3 the Higgs spectrum and the
couplings in the MSSM as well as the relevant cross sections and branching ratios are studied.
In addition, the results of the experimental simulations are thoroughly discussed. Section 4
investigates opportunities of detecting Higgs particles at LEP2 within non-minimal extensions
of the SM and the MSSM. In particular, the next-to-minimal extension of the MSSM with an
additional isoscalar Higgs field (NMSSM) is studied.
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2 The Standard-Model Higgs Particle

2.1 Mass Bounds

(i) Strong interaction limit and vacuum stability. Within the Standard Model the value of the
Higgs mass m j cannot be predicted. The mass m j = \/2Xv is given as a function of the
vacuum expectation value of the Higgs field, v = 174 GeV, and the quartic coupling A which
is a free parameter. However, since the quartic coupling grows with rising energy indefinitely,
an upper bound on mg follows from the requirement that the theory be valid up to the scale
Afpionc* or up to a given cut-off scale A below Mpianck [3]. The scale A could be identified
with the scale at which a Landau pole develops. However, in the following the upper bound on
mji shall be defined by the requirement A(A)/4T < 1 so that A characterizes the energy where
the system becomes strongly interacting. [This scale is very close to the scale associated with
the Landau pole in practice.] The upper bound on mg depends mildly on the top-quark mass
through the impact of the top-quark Yukawa coupling on the running of the quartic coupling

dX 6
— = —— (A2 + Xh2

t - hf) + elw. corrections
a t lOTT ^ '

(1)

with t = ln(Q2/A2). The first two terms inside the parentheses are crucial in driving the quartic
coupling to its perturbative limit. On the other hand, the requirement of vacuum stability in
the SM imposes a lower bound on the Higgs boson mass, which depends crucially on the top-
quark mass as well as on the cut-off A [3, 4]. Again, the dependence of this lower bound on
Mt is due to the effect of the top-quark Yukawa coupling on the quartic coupling of the Higgs
potential [third term inside the parentheses of eq.(l)], which drives A to negative values at large
scales, thus destabilizing the standard electroweak vacuum.

Fig.l shows the perturbativity and stability bounds on the Higgs boson mass of the SM
for different values of the cut-off A at which new physics is expected. From the point of view
of LEP physics, the upper bound on the SM Higgs boson mass does not pose any relevant
restriction. The lower bound on mg, instead, needs to be carefully considered. To define
the conditions for vacuum stability in the SM and to derive the lower bounds on mg as a
function of Mt, it is necessary to study the Higgs potential for large values of the Higgs field <j>
and to determine under which conditions it develops an additional minimum deeper than the
electroweak minimum. The renormalization group improved effective potential of the SM is
given by

Vcff. = Vo + V, ~ -m\t)<f{t) + ̂ V ( i ) (2)

where Vo and Vi are the tree-level potential and the one-loop correction, respectively. A
rigorous analysis of the structure of the potential has been done in Ref.[4]. Quite generally it
follows that the stability bound on m j is defined, for a given value of Mt, as the lower value of
rag for which A(^) > 0 for any value of <j> below the scale A at which new physics beyond the
SM should appear. From eq.(l) it is clear that the stability condition of the effective potential
demands new physics at lower scales for larger values of Mt and smaller values of mg.
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Figure 1: Strong interaction and stability bounds on the SM Htggs boson mass. A denotes the
energy scale where the particles become strongly interacting.

From Fig.l it follows that for M, = 175 GeV and mg < 100 GeV [i.e. in the LEP2 regime]
new physics should appear below the scale A ~ a few to 100 TeV. The dependence on the
top-quark mass however is noticeable. A lower value, M, ~ 160 GeV, would relax the previous
requirement to A - 103 TeV, while a heavier value M, i 190 GeV would demand new physics
at an energy scale as low as 2 TeV.

The previous bounds on the scale at which new physics should appear can be relaxed if
the possibility of a metastable vacuum is taken into account [42]. In fact, if the effective
potential of the SM has a non-standard stable minimum deeper than the standard minimum,
the decay of the electroweak minimum by thermal fluctuations or quantum tunnelling to the
stable minimum must be suppressed. In this case, the lower bounds on m j follow from requiring
that no transition at any finite temperature occurs, so that all space remains in the metastable
electroweak vacuum. In practice, if the metastability arguments are taken into account, the
lower bounds on mH become gradually weaker. They seem to disappear if the cut-off of the
theory is at the TeV scale; however, the calculations are technically not reliable in this energy
regime. Moreover, the metastability bounds depend on several cosmological assumptions which
may be relaxed in several ways.

(ii) Estimate of the Higgs mass from electroweak data. Indirect evidence for a light Higgs boson
comes from the high-precision measurements at LEP [6] and elsewhere. Indeed, the fact that
the SM is renormalizable only after including the top and Higgs particles in the loop corrections
shows that the electroweak observables should be sensitive to these particle masses. Although
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Preliminary

Figure 2: A \ 2 = \7 — \^,ln vs mu curves. Continuous line: based on all LEP, SLD, pp and vN
data; dashed line: as before, but excluding the LEP+SLD measurements of Rk and R^; dotted
line: LEP data including measurements of R* and Rc. In all cases, the direct measurement of
M, at the TEYATRON is included.

the sensitivity to the Higgs mass is only logarithmic, while the sensitivity to the top-quark
mass is quadratic, the increasing precision of present experiments makes it possible to derive
\ 2 curves as a function of m j . Several groups [6] have performed an analysis of mH by means
of a global fit to the electroweak data, including low and high energy data. In the light of
the recent direct determination of M,, the results favor a light Higgs boson. With all LEP,
SLD, pp and fN data included, a central value for m/j around 80 GeV and M, ~ 170 GeV is
obtained [6]. However, the recently reported LEP values of Rt, = Tz_t&ITz^hadran, and Re =
Fz—rf/Fz—K*Artm, which are more than 2 standard deviations away from the SM predictions, and
the left-right asymmetries of SLD which still lead to a 2<r discrepancy in sin2 8w compared with
LEP analyses, have drastic effects on the SM fits. Fig.2 shows A\ 2 = \ 2 - \2

min as a function
of mn\ the curve is rather flat at the minimum due to the mild logarithmic dependence of the
observables o n m j . It should be noticed in this context that the bounds on mH become very
weak if Rt,, R<. and/or the left-right asymmetries are excluded from the data.
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In summary. It is clear that the indirect bounds on mg cannot assure the existence of a
light Higgs boson at the reach of LEP2. However, the fact that the best fit to the present
high-precision data tends to prefer a light SM Higgs boson, indicates that this particle may be
found either at LEP or LHC. On the other hand, the stability bounds imply that if the Higgs
boson is light, new physics beyond the Standard Model should appear at relatively low energies
in the TeV regime.

2.2 Production and Decay Processes

The main mechanism for the production of Higgs particles in e+e~ collisions at LEP2 energies
is the radiation off the virtual Z-boson line [8],

Higgs-strahlung : e+e —> ZH (3)

The fusion process [9, 10, 11] in which the Higgs bosons are formed in WW collisions, the
virtual W's radiated off the electrons and positrons,

WW fusion : e+e~ -> vcvtH (4)

has a considerably smaller cross section at LEP energies. It is suppressed by an additional power
of the electroweak coupling with respect to the Higgs-strahlung process, becoming competitive
only at the edge of phase space in (3), where the Z boson turns virtual. In this corner, however,
both cross sections are small and the experimentally accessible mass parameter space will be
extended only slightly by the fusion channel.

Figure 3: Higgs-strahlung and WW fusion of the SM Higgs boson.

2.2.1 Higgs-strahlung

The cross section for the Higgs-strahlung process can be written in the following compact form:

where \/s denotes the center-of-mass energy, and at = — 1, vt — — 1 + 4«J, are the Z charges
of the electron; A = (1 — rn^/s — mz/s)2 — ̂ m^m^/s2 is the usual two-particle phase space

361

function. The radiative corrections to the cross section are well under control. The genuine
electroweak corrections [43] are small at the LEP energy, less than 1.5% (for a recent review see
Ref.[44]). By contrast, photon radiation [45] affects the cross section in a significant way. The
bulk of the corrections, real and virtual contributions due to photons and e+e" pairs, can be
accounted for by convoluting the Born cross section in eq.(5) with the radiator function G(x),

( ( T ) = I1 dxG(x)o-{xs) (6)

with XJJ = m2
H/s. The radiator function is known to order a2, including the exponentiation of

the infrared sensitive part,

where 6y+s and Sg are polynomials in log .s/m2 and /3 = ~ [logs/m2. — 1]. Sy+s accounts for
virtual and soft photon effects, 8R for hard photon radiation. The S's are given in Ref.[45].

The cross-section for Higgs-strahlung is shown in Fig.4 for the three representative energy
values y/s — 175, 192 and 205 GeV as a function of the Higgs-mass [46]. The curves include
all genuine electroweak and QED corrections introduced above. The Z boson in the final state
is allowed to be off-shell, so that the tails of the curves extend beyond the on-shell limit m j =
\/s — mz. [The Higgs boson is so narrow, TH < 3 MeV for mg < 100 GeV, that the particle
need not be taken off-shell.] From a value of order 0.3 to 1 pb at mg ~ \/s — 110 GeV, the
cross section falls steadily, reaching a level of less than 0.05 pb at the mass mg ~ \/s — 90 GeV.

Since the Higgs particle decays predominantly to 66 and r+r~ pairs, the observed final state
consists of four fermions. Among the possible final states, the channel /i+/*~66, the fi pair being
generated by the Z decay, has a particularly simple structure. Background events of this type
are generated by double vector-boson production e+e~ —> Z'Z", Z*7* and 7*7* with the virtual
Z", 7* decaying to /J+/*~ and 66; Z final states generate by far the dominant contribution. Since
these processes are suppressed by one and two additional powers of the electroweak coupling
compared with the signal [except for mg ~ mz], the background can be controlled fairly easily
up to the kinematical limit of the Higgs signal. This is demonstrated in Tables 1/2 and Fig. 6
where signal and background cross sections for the process e+e~ —> /J+/*~66 are compared for
three Higgs masses at y/s = 192 GeV. The invariant /i+fi~ mass is restricted to mz ± 25 GeV
and the invariant 66 mass is cut at m(66) > 50 GeV. The following conclusions can be drawn
from the tables and the figure: (i) The signal-to-background ratio decreases steadily with rising
Higgs mass from a value of about three near mg = 65 GeV; (ii) The initial state QED radiative
corrections are large, varying between 10 and 20%; (iii) The cross sections are lowered by taking
non-zero 6 quark masses into account, but only marginally at a level of less than 1%. Since
massless fermions are coupled to spin-vectors in Z" decays but to spin-scalars in Higgs decays,
signal and background amplitudes do not interfere as long as 6 quark masses are neglected.
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Figure 4: The cross section for Higgs-strahlung as a function of the Higgs mass for three repre-
sentative energy values [QED and electroweak radiative corrections included].
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Figure 5: Higgs-strahlung (dashed) and WW fusion (long-dashed) processes for Higgs production
in the cross-over region [without radiative corrections]. The solid line shows the total cross
section for both processes including the (dotted line) interference term.
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Table 1: The process e+e —* n+(i bb at ,/s = 192 GeV. No initial state radiation is included.
The cross sections are given in fb.

mH [GeV]

CompHEPo
CompHEP4.7
EXCALIBUR

FERMISV
GENTLEo
HIGGSPV

HZHA/PYTHIA
WPHACT«.7

WPHACTo
WTO

65

37.264(68)
37.147(58)

—
—

37.3975(37)
37.393(27)
36.79(13)

—
37.39896±0.64E-02
37.40994±0.32E-02

90

24.395(46)
24.279(46)

—
—

24.4727(25)
24.490(21)
23.53(13)

—
24.47269±0.40E-02
24.47653±0.42E-02

115

10.696(13)
10.580(13)

—
—

10.7022(11)
10.694(16)
10.28(13)

—
10.70272±0.24E-02
10.70360±0.21E-02

oo

10.634(13)
10.518(13)
10.6398(15)

9.49(23)
10.6401(11)
10.65(05)
10.22(13)

10.5243±0.24E-02
10.64070±0.24E-02
10.64157±0.21E-02

Table 2: The process e+e"Table 2: The p
sections in fb.

^fi bb at ^/s =192 GeV. Initial state radiation included, cross

mH [GeV]

EXCALIBUR
FERMISV
GENTLEo
HIGGSPV

HZHA/PYTHIA
WPHACT

WTO

65

—
33.7575(34)
33.759(12)
33.48(11)

33.75217±0.16E-01
33.77741±0.10E-01

90

—
19.4717(19)
19.480(09)
18.91(11)

19.46923±0.91E-02
19.48562±0.83E-02

115

—
—

8.47729(85)
8.483(05)
8.31(11)

8.47665±0.57E-02
8.48511±0.78E-02

oo

8.4306(29)
7.90(27)

8.43290(84)
8.44(05)
8.27(11)

8.43236±0.57E-02
8.44090±0.78E-02

The angular distribution of the Z/H bosons in the Higgs-strahlung process is sensitive to
the spin-parity quantum numbers Jp = 0+ of the Higgs particle. At high energies the Z boson
is produced in a state of longitudinal polarization according to the equivalence theorem so that
the angular distribution approaches asymptotically the sin2 8 law, where 8 is the polar angle
between the Z/H flight direction and the e+e" beam axis. At non-asymptotic energies the
distribution is shoaled [47],

a cos 6
Sm2

z/s (8)

becoming independent of 9 at the threshold. Were a pseudoscalar particle produced in associ-
ation with the Z, the angular distribution would be given by ~ (1 4- cos2 8), independent of
the energy; the Z polarization would be transverse in this case. Thus, the angular distribu-
tion is sensitive to the assignment of spin-parity quantum numbers to the Higgs particle. The
coefficients of the sin2 6 term and the constant term are independent and could be modified
separately by additional effective ZZH, -/ZH couplings or eeZH contact terms induced by
interactions outside the Standard Model [48].
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Figure 6: Comparison of the Higgs signal with
the background in the p+fi~bb final state for zero
and non-zero quark mass.

2.2.2 The WW Fusion Process

The final state in which the Higgs particle is produced in association with neutrinos

e+e" -+ H + vv (9)

is built up by two different mechanisms, Higgs-strahlung with Z decays to the three types of
neutrinos and WW fusion [9, 10, 11, 49, 50]. For vtvt final states the two amplitudes interfere.
At e+e~ energies above the HZ threshold for on-shell Z, Higgs-strahlung is by far the dominant
process, while below the HZ threshold the fusion process becomes dominant. Correspondingly,
the interference term is most important near the threshold where the cross-over between the
two mechanisms occurs. The cross section for Higgs-strahlung above the HZ threshold is of
order g^ while below the threshold it is suppressed by the additional electroweak vertex as well
as by the off-shell Z propagator. The fusion cross-section is of order g^, and therefore small
at LEP energies where no log s/m]j enhancement factors are effective.1 The cross section for
WW fusion can be expressed in a compact form [49]:

4\/2i Ldz
dyF{x,y)

h

(10)

(11)
y* y J [i + z '• -\ y< l + z

with XH = m2
H/s, xw = m,yy/s and z = y(x - XH)/{XXW). The more involved analytic form of

the interference term between fusion and Higgs-strahlung [11] is given in the Appendix 5.1.

'The cross-section for ZZ fusion is reduced by another order of magnitude since the leptonic NC couplings
are considerably smaller than the CC couplings.
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The size of the various contributions to the cross section for the final state e+e~ —»
H + neutrinos is shown in Fig.5 at v ^ = 192 GeV. The Higgs-strahlung includes all three
neutrinos in the final state. The nominal threshold value of the Higgs mass for on-shell Z
production in Higgs-strahlung is mn = 101 GeV at ̂ /s = 192 GeV. A few GeV above this mass
value the fusion mechanism becomes dominant while the Higgs-strahlung becomes rapidly more
important for smaller Higgs masses. In the cross-over range, the cross-sections for fusion, Higgs-
strahlung and the interference term are of the same size. With a cross section of the order of
0.01 pb only a few events can be generated in the cross-over region for the integrated lumi-
nosity at LEP. Dedicated efforts are therefore needed to explore this domain experimentally
and to extract the signal from the event sample e+e~ —* bb + neutrinos, which includes several
background channels. Nevertheless, WW fusion can extend the Higgs mass range that can be
explored at LEP2 by a few (perhaps very valuable) GeV.

2.2.3 Higgs Decays

The Higgs decay width is predicted in the Standard Model to be very narrow, being less than
3 MeV for m j less than 100 GeV. The width of the particle can therefore not be resolved
experimentally. The main decay modes (Fig.7), relevant in the LEP2 Higgs mass range, are in
the following channels [12, 46]:

quark decays :
lepton decay :
gluon decay :
W boson decay:

H
H
H
H

bb and cc

99
WW'

(12)

The bb decays are by far the leading decay mode, followed by r , charm, and gluon decays at a
level of less than 10%. Only at the upper end of the mass range do decays of the Higgs particle
to W pairs start playing an increasingly important role.

b,c,r f
W

H

5, c,r+ 9 W

Figure 7: The main decay modes of Higgs particles in the LEP2 mass range.

The theoretical analysis of the Higgs decay branching ratios is not only important for the
prediction of signatures to define the experimental search techniques. In addition, once the
Higgs boson is discovered, the measurement of the branching ratios will be necessary to de-
termine its couplings to other particles. This will allow us to explore the physical nature of
the Higgs particle and to encircle the Higgs mechanism as the mechanism for generating the
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masses of the fundamental particles. In fact, the strength of the Yukawa coupling of the Higgs
boson to fermions, gftB = [\/2 Gjrp/'m/, and the couplings to the electroweak V = W,Z gauge
bosons, gvvH — 2 [VzCrFp^my, both grow with the masses of the particles. While the latter
can be measured through the production of Higgs particles in the Higgs-strahlung and WW
fusion processes, fermionic couplings can be measured at LEP only through decay branching
ratios.

Higgs decay to fermions. The partial width of the Higgs decay to T+T~ pairs is given by [51]

. _, GFml
T(H

4v/2i -mB
(13)

For the decay into 66 and cc quark pairs, QCD radiative corrections [52] must be included which
are known up to order a2 [in the S't term up to order aj],

l + 5.67 ( ^ ) + (35.94 - 1.36JV, + St + S't) ( ^ ) I (14)T(H - qq) =

6t accounts for the top-quark triangle coupled to the qq final state in second order by 2-gluon
s-channel exchange [53], St - 1.57- | log(m|r/M,2) + \log2(ml(mB)/m2

H), while S't accounts for
Higgs decays to two gluons with one gluon split into a qq pair [12], discussed in detail below.
The strong coupling a, is to be evaluated at the scale mB, and NF = 5 is the number of active
flavors [all quantities defined in the MS scheme]. The bulk of the QCD corrections can be
absorbed into the running quark masses evaluated at the scale mH,

mq(mn) = mq(Mq)
a.(mB) + Cl [a.(mB)/ir] + c2[a.(mB)/ir}2

1 + Cl [a.(Mq)/n] + c2[a.(Mq)/ir}2 (15)

In the case of bottom (charm) quarks, the coefficients c\ and c^ are 1.17 (1.01) and 1.50 (1.39),
respectively. Since the relation between the pole mass Mc of the charm quark and the MS mass
mc (Mc) evaluated at the pole mass is badly convergent, the running quark masses mq(Mq) lend
themselves as the basic mass parameters in practice. They have been extracted directly from
QCD sum rules evaluated in a consistent O(a,) expansion [54]. Typical values of the running
6, c masses at the scale /t = 100 GeV, which is of the order of the Higgs mass, are displayed
in Table 3. The evolution has been performed for the QCD coupling a,(mz) = 0.118 ± 0.006.
The large uncertainty in the running charm mass is a consequence of the small scale at which
the evolution starts and where the errors of the QCD coupling are very large. In any case the
value of the c mass, relevant for the prediction of the c branching ratio of the Higgs particle, is
reduced to about 600 MeV.

An additional mechanism for 6, c quark decays of the Biggs particle [12] is provided by the
gluon decay mechanism where virtual gluons split into 66, cc pairs, H —* gg" -+ gbb, gcc.
These contributions add to the QCD corrected partial widths (14) in which the 6, c quarks
are coupled to the Higgs boson directly. As long as quark masses are neglected in the final
states, the two amplitudes do not interfere. In this approximation, the contributions of the
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Table 3: The running 6,c quark masses in the MS scheme at the scale fi = 100 GeV. The initial
values TTIQ^MQ) of the evolution are extracted from QCD sum rules; the pole masses MQ are
defined by the O(ct,) relation with the running masses mq{Mq2) = MQ2 j[\ •

b

c

OiK)

0.112
0.118
0.124

0.112
0.118
0.124

mQ(MQ) Mq = M$"

(4.26 ± 0.02) GeV (4.62 ± 0.02) GeV
(4.23 ± 0.02) GeV (4.62 ± 0.02) GeV
(4.19 ± 0.02) GeV (4.62 ± 0.02) GeV

(1.25 ±0.03) GeV (1.42 ± 0.03) GeV
(1.23 ± 0.03) GeV (1.42 ± 0.03) GeV
(1.19 ± 0.03) GeV (1.42 ± 0.03) GeV

mgin = 100 GeV)

(3.04 ±0.02) GeV
(2.92 ± 0.02) GeV
(2.80 ±0.02) GeV

(0.69 ± 0.02) GeV
(0.62 ± 0.02) GeV
(0.53 ± 0.02) GeV

splitting channels are obtained by taking the differences of the widths H —* gg(g), qqg between
NF = 5 and 4 for 6, and NF = 4 and 3 for c final states, given below in eq.(16). The 6/6 and
the c/c quarks are in general emitted into two different parts of the phase space for the two
mechanisms; for the direct process the flight directions tend to be opposite, while by contrast
for gluon splitting they are parallel.

The electroweak radiative corrections to fermionic Higgs decays are well under control [55,
44]. If the Born formulae are parametrized in terms of the Fermi coupling GF, the corrections
are free of large logarithms associated with light fermion loops. For 6, c, r decays the electroweak
corrections are of the order of one percent.

Higgs decays to gluons and light quarks. In the Standard Model, gluonic Higgs decays H —> gg
are primarily mediated by top-quark loops [56]. Since in the LEP2 range Higgs masses are
much below the top threshold, the gluonic width can be cast into the approximate form [57]

T(H -> gg(g),qqg) = 1 +
J

(16)

The QCD corrections, which include the splitting of virtual gluons into gg and qq final states,
are very important; they nearly double the partial width.

It is physically meaningful to separate the gluon and light-quark decays of the Higgs boson
[12] from the 6, c decays which add to the 6, c decays through direct coupling to the Higgs
boson. In this case, the partial width T(H —> gluons + light quarks) is obtained from (16) by
choosing Np — 3 for the light u, d, s quarks and by evaluating the running QCD coupling at
mH for three flavors only [corresponding to A ^ = 378±|S5 MeV for a^\mz) = 0.118 ± 0.006].

Higgs decay to virtual W bosons. The channel H —> WW" —* 4 fermions becomes relevant for
Higgs masses mg > mw when one of the W bosons can be produced on-shell. The partial
width for this final state is given by

(17)
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Figure 8: Branching ratios for the Higgs de-
cays in the Standard Model. The bands in-
clude the uncertainties due to the errors in
the quark masses and the QCD coupling.
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with i = rn^/m^. Due to the larger Z mass and the reduced NC couplings compared with
W mass and the CC couplings, respectively, decays to ZZ" final states are suppressed by one
order of magnitude.

Summary of the branching ratios. The numerical results for the branching ratios are displayed
in Fig.8, taking into account all QCD and electroweak corrections available so far. Sepa-
rately shown are the branching ratios for r 's, c, 6 quarks, gluons plus light quarks, and elec-
troweak gauge bosons. The analyses have been performed for the following set of parameters:
aW(mz) = 0.118 ± 0.006, t pole mass Mt = 176 ± 11 GeV, and the MS masses mh(Mh) and
mc(Mc) as listed in Table 3. The dominant error in the predictions is due to the uncertainty
in a, which migrates to the running quark masses at the high energy scales.

Despite the uncertainties, the hierarchy of the Higgs decay modes is clearly preserved. The
T+T~ branching ratio is more than an order of magnitude smaller than the bb branching ratio,
following from the ratio of the two masses squared and the color factor. Since the charm quark
mass is small at the scale of the Higgs mass, the ratio of BRC to BRb is reduced to about 0.04,
i.e. more than would have been expected naively.

Thus, the measurements of the production cross sections and of the decay branching ratios
enable us to explore experimentally the physical nature of the Higgs boson and the origin of
mass through the Higgs mechanism.
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2.3 The Experimental Search for the SM Higgs Particle

Selection algorithms were developed by the four LEP experiments [58] towards the Higgs pro-
duction via the Higgs-strahlung process, for the following event topologies:

(i) the four-jet channel, (Z -+ qq) (HSM -> bb);

(it) the missing energy channel, (Z —> vv) (HSM —* bb);

(Hi) the leptonic channel, (Z —> e+e",/»+/*") (HSM —• anything);

(iv) the T+T qq channel, (Z • ") (HSM —* hadrons) and vice-versa;

altogether amounting to more than 90% of the possible final states in the LEP2 mass range.

All important background processes were included in the simulations. Whenever possible,
the corresponding cross-sections were computed and events were generated using PYTHIA
5.7 [59]. The %vv process being not simulated in PYTHIA, the corresponding results were
derived from a Monte Carlo generator based on Ref.[60]. The most relevant cross-sections are
indicated in Table 4 for the three different center-of-mass energies at which the studies were
carried out. Events from the Higgs-strahlung process were generated using either PYTHIA
(DELPHI, L3, OPAL), the HZGEN generator [61] (DELPHI, for the HZ -> bbutue final
state) or the HZHA generator [62] (ALEPH, for all signal final states), and the signal cross-
section and Higgs boson decay branching ratios were determined from Ref.[46], or directly from
the HZHA program in the case of ALEPH.

Table 4: The cross-sections for the most relevant background processes, in pb. Whenever a Z
is indicated, the cross-section also includes the -/* contribution. The 77 —• ff cross-section is
given for a fermion pair mass in excess of SO GeV/c2.

e+e" -> ff
e+e" - WW
e+e" -+ ZZ
e+e" — Ze+e"
e+e- - • Weu
e+e" -» Zi/P
77->ff

175 GeV
173.4
14.63
0.45
2.75
0.68
0.011
22.3

192 GeV
135.5
17.74
1.20
2.93
0.90
0.015
24.9

205 GeV
116.5
18.07
1.43
3.05
1.10

0.020
26.3

The selection efficiencies and the background rejection capabilities were evaluated after a
simulation of each of the four LEP detectors. Fully simulated events were produced by DELPHI
[63, 64], L3 [65] and OPAL [66] for all the background processes and for the signal at several
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Higgs boson masses, including all the detector upgrades foreseen for the LEP2 running. A
fast, but reasonably detailed simulation was used in ALEPH [67] instead, with the current
detector design (in particular, the gain expected from the installation of a new vertex detector
was conservatively ignored), but it was checked in the four-jet topology and in the missing
energy channel, at , /s = 175 GeV and with ma = 70 GeV, that this fast simulation faithfully
reproduces the predictions of the full simulation chain both for the background rejection and
for the signal selection, up to an accuracy at the percent level.

a) Search in the Four-jet Topology

The four-jet topology arises when the Z decays into a pair
of quarks, in 70% of the cases, and the Higgs boson de-
cays into hadrons, in more than 90% of the cases. This
topology represents therefore by far the most abundant fi-
nal state (occurring in ~ 65% of the cases) produced by
the Higgs-strahlung process. However, the search in this
channel is affected by a large background consisting of mul-
tijet events from e+e~ —> qq, WW and ZZ production. For
instance, at i/s = 192 GeV, and for an integrated lumi-
nosity of 150 pb"1, approximately 1500 qq, 1000 WW and
80 ZZ events have at least four jets with all jet-jet invariant
masses in excess of 10 GeV/c2, while only 40 HSMZ events
are expected if roH = 90 GeV/c2.

H ->bb

The selection procedures developed by the four collaborations to improve the signal-to-noise
ratio are very close to each other. After a preselection aimed at selecting four-jets events, either
from global events properties or directly from a jet algorithm such as the DURHAM or JADE
algorithms, the four-jet energies and momenta are subjected to a kinematical fit with the four
constraints resulting from the energy-momentum conservation, in order to improve the Higgs
boson mass resolution beyond the detector resolution. Events consistent with the e+e~ —» WW
hypothesis, i.e. events in which two pairs of jets have an invariant mass close to row, are
rejected. Only events in which the mass of one pair of jets is consistent with m% are kept, and
they are fitted again with the Z mass constraint in addition. This last step improves again the
Higgs boson mass resolution, which is found to be between 2.5 and 3.5 GeV/c2 by the four LEP
experiments.

However, these requirements do not suffice to reduce the background contamination to an
adequate level. This is illustrated in Fig.9a where the distribution of the fitted Higgs boson
mass (i.e. the mass of the pair of jets recoiling against the pair consistent with a Z) is shown, for
the signal (TOH = 90 GeV/c2) and for the backgrounds, at <fs = 192 GeV and for a luminosity
of 500 pb"1 as obtained from the ALEPH simulation at this level of the analysis.
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The high branching of the Higgs boson into bb must then be taken advantage of to further
reduce the background, by requiring that the jets associated to the Higgs boson be identified
as b-jets. This is done by means of a microvertex detector, either by counting the charged
particle tracks with large impact parameters, or by evaluating the probability V that these
tracks come from the main interaction point [68], or by directly reconstructing secondary decay
vertices [69]. Shown in Fig.9b is the resulting Higgs boson mass distribution after such a b-
tagging requirement is applied. The same distribution as seen by DELPHI is shown in Fig.10,
together with the efficiency of the DELPHI lifetime b-tagging requirement applied to four-jet
events, in which four b-jets, two b-jets or no b-jets are present, as a function of the logarithm
of the probability V. The OPAL result in this topology is shown in Fig.lla. Due to the
recent vertex detector installation, the L3 b-tagging algorithm is not yet fully optimized and
its performance is thus expected to improve in the future.

Figure 9: Distribution of the fitted Higgs boson mass as obtained from the ALEPH simulation,
in the four-jet topology before (a) and after (b) a b-tagging requirement is applied, at 192 Ge V,
with 500 pb'1 and for roH = 90 GeV/c2.

Table 5: Accepted cross-sections (in fb) for the signal and the backgrounds, as expected by
ALEPH, DELPHI, LS, OPAL, for roH = 90 GeV/c2 at 192 GeV, in the four-jet topology.

Experiment ALEPH DELPHI L3 OPAL
Signal

Background
58
33

43
33

43
47

46
26

The numbers of background and signal events expected to be selected by ALEPH, DELPHI,
L3, and OPAL in a window of ±2<r around the reconstructed Higgs boson mass are shown in
Table 5 for a Higgs boson mass of 90 GeV/c2 and at a center-of mass energy of 192 GeV.
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Figure 10: (a) Distribution of the fitted Higgs boson mass as obtained from the DELPHI
experiment, after a b-tagging requirement is applied, at 192 GeV, with 300 pi~ l and for
inn = 90 GeV/c2, and (b) Evolution of the b-tagging efficiency as a function of the cut on
T1 when applied to four jet events, with four, two or zero b-jets.

b) Search in the Missing Energy Channel

H ->b b

The topology of interest here, arising in 18% of the cases, is
an acoplanar pair of b-quark jets with mass me, accompanied
by large missing energy and large missing mass, close to the Z
mass. The background, with the exception of the ZZ -+ bbf v
or the Zvv with Z —> bb processes, either has no missing energy
(e+e~ —> qq with no initial state radiation, WW,ZZ —* four-
jets), or no missing mass and isolated particles (e+e~ —> qq(7),
WW —> lv+ two jets, Ze+e~), or no missing transverse momen-
tum and small acoplanarity angle (e+e~ —> qq(77), 77 —> qq),
or light quark jets (e+e~ —* (e)vW, WW - • « /+ two jets,
ZZ —» qqeP).

The four collaborations developed a selection procedure with a sequence of criteria, based
on these differences between signal and background, including a b-tagging requirement. The
mass of the Higgs boson can be either rescaled or fitted by constraining the missing mass to
equal the Z mass, allowing mass resolutions from 3.5 to 5 GeV/c2 to be achieved. The mass
distribution obtained by OPAL in this channel, for a Higgs boson mass of 90 GeV/c2 and at a
center-of mass energy of 192 GeV, is shown in Fig.llb.
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Figure 11: Distribution of the fitted Higgs boson mass as obtained from the OPAL experiment,
in the four-jet channel (a) and in the missing energy channel (b), at a centre-of mass energy of
192 GeV, normalized to a luminosity of 1000 pb~x and for ran = 80 and 90 GeV/c2, respectively.
The signal (in white) is shown on top of the background (shaded histogram).

This selection procedure was supplemented in DELPHI by an alternative multi-vaxiate prob-
abilistic method, confirming (or slightly improving) the first analysis results. The contribution
of the t-channel WW fusion to the Hi/P final topology was also estimated by DELPHI with
the recently released HZGEN event generator which includes both the Higgs-strahlung and the
WW fusion diagrams together with their interference. As can be naively expected, the relative
gain is only sizeable above the HZ kinematical threshold, and amounts to 28% for a 100 GeV/c2

Higgs boson at 192 GeV, corresponding to 0.25 additional events expected for an integrated
luminosity of 300 pb"1.

Table 6: Accepted cross-sections (in fb) for the signal and the backgrounds, as expected by
ALEPH, DELPHI, L3, OPAL, for ran = 90 GeV/c2 at 192 GeV, in the musing energy channel.

Experiment ALEPH DELPHI
Signal

Background
24
13

24
17

L3
9

11

OPAL
25
20

The numbers of background and signal events expected to be selected by ALEPH, DELPHI,
L3, and OPAL in a window of ±2a around the reconstructed Higgs boson mass are shown in
Table 6 for a Higgs boson mass of 90 GeV/c2 and at a center-of mass energy of 192 GeV.
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c) Search in the Leptonic Channel

Although occurring in only 6.7% of the cases, this topology
can be selected in a simple way by requiring the presence of
a high mass pair of energetic, isolated, and thus well identi-
fiable leptons (e or fi) in association with a high multiplicity
hadronic system. The process e+e~ —» ZZ where one of the
Z bosons decays into a lepton pair and the other into qq
and, to a much lesser extent, the e+e~ —* Ze+e~ process,
constitute the only irreducible background sources. A mild
b-tagging requirement can also be applied, especially when
WH ~ TOZI to improve the signal-to-noise ratio. Selection
efficiencies varying from 50 to 80% were achieved by the
four LEP experiments.

H - » b b

In addition to these high efficiencies, the mass of the Higgs boson can be determined with
a very good resolution (typically better than 2 GeV/c2) either as the mass recoiling to the
lepton pair with the mass of the pair constrained to the Z mass, or with a full fitting procedure
using the energies and the directions of the leptons and of the Higgs decay products, the
energy-momentum conservation and the Z mass constraint. As shown in Fig.12 from L3, this
drastically reduces the ZZ background contamination, except if TOR ~ tn% when the two mass
peaks merge together.

The numbers of background and signal events expected to be selected by ALEPH, DELPHI,
L3, and OPAL in a window of ±2<r around the reconstructed Higgs boson mass are shown in
Table 7 for a Higgs boson mass of 90 GeV/c2 and at a centre-of mass energy of 192 GeV.

d) Search in the r+r~qq Channel

Hadrons
At present, only ALEPH [67] and DELPHI [70] have investi-
gated this topology, occurring in 9% of the cases when (Z —»
T+T-) (HSM -> hadrons) (3%) or when (HSM -> T+T~) (Z ->
hadrons) (6%). It is characterized by two energetic, isolated
taus, denned as 1- or 3-prong slim jets, with masses compatible
with mT, not identified as an electron or a muon pair, and asso-
ciated to a high multiplicity hadronic system. After a selection
of this topology either by successive topological cuts (ALEPH)
or by a single multi-dimensional cut (DELPHI), a fit to the four-
body final state hypothesis with the energy-momentum conser-
vation constraint is performed to reject most of the backgrounds.
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Figure 12: Distribution of mass recoiling to the lepton pair as obtained from the LS experiment,
in the He+ e~ channel, at a center-of mass energy of 192 Ge V, normalized to a luminosity of
1000 pb'1 and for run = 60,70,80,90 GeV/c2. The signal (in white) is shown on top of the ZZ
background (in black).

Table 7: Accepted cross-sections (in fb) for the signal and the backgrounds, as expected by
ALEPH, DELPHI, LS and OPAL, formH = 90 GeV/c2 at 192 GeV, in the leptonic channel.

Experiment ALEPH DELPHI
Signal

Background
12
12

11
24

L3
7

10

OPAL
6.5
9.4
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The typical efficiency for such an analysis is 20 to 30%, corresponding to 6 to 8 signal events
expected for a 90 GeV/c2 Higgs boson with 1 fb"1 at 192 GeV, and the T+T~ and the hadronic
mass resolutions amount to approximately 3 GeV/c2. These resolutions can be further improved
by fitting the final state to the HZ hypothesis, with mn free and mz constrained. As in the
leptonic channel, the only really irreducible background source is the process e+e" -+ ZZ when
one of the Zs decays into a r pair and the other hadronically. The existence of the Higgs boson
would then be observed as an accumulation around (TI»H, WZ) in the folded two-dimensional
distribution of these masses. A signal-to-noise ratio between 1 and 2 can be achieved when
ran ~ uij . It could be further improved by a factor of two with a b-tagging requirement, at
the expense of a drastic efficiency loss, since two thirds of these events (when H —> T+T~) do
not contain b-quarks.

Summary: Numbers of Events Expected

Tables 8, 9 and 10 summarize the results of the standard model Higgs boson search, with the
total numbers of signal and background events expected by each experiment given for several
Higgs boson masses, at y/s = 175, 192 and 205 GeV, respectively. The uncertainties are due
to the limited Monte Carlo statistics. No systematic uncertainties (due for instance to the
simulation of the b-tagging efficiency) are included.

Table 8: Accepted cross-sections (in fb) expected for the signal and the background, for various
Higgs boson masses, at a center-of-mass energy of 175 GeV.

mH (GeV/cs)
ALEPH
Signal
Background
DELPHI
Signal
Background
L3
Signal
Background
OPAL
Signal
Background
ALL
Signal
Background

60

275 ±5
51 ±7

210 ± 13
25 ±4

167 ± 10
79 ±11

188 ±9
27 ±5

840 ± 20
182 ± 14

65

234 ±4
45 ±7

180 ± 11
25 ±4

142 ±9
83 ±10

160 ±8
27 ±5

715 ± 17
180 ± 13

70

168 ±4
38 ±6

147 ±9
28 ±5

119 ±7
87 ±9

128 ±6
26 ±4

561 ± 13
179 ± 13

75

115 ± 3
31 ±6

109 ±7
28 ± 5

88 ± 5
65 ±7

98 ±7
27 ± 5

410 ± 12
151 ± 11

80

61 ±2
24 ±5

64 ±4
28 ±5

49 ± 3
44 ±5

56 ±4
17 ±4

229 ±6
112 ±9

85

7 ± 1
24 ±5

7±1
15 ± 3

7±3
44 ±5

6±1
7±3

27 ±3
89 ±8
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Table 9: Accepted cross-sections (in fb) expected for the signal and the background, for various
Higgs boson masses, at a center-of-mass energy of 192 GeV.

ALEPH

DELPHI

L3

OPAL

ALL

mH (GeV/c2)
Signal
Background
Signal
Background
Signal
Background
Signal
Background
Signal
Background

80
125 ± 3
33 ± 6
99 ± 4
42 ± 5
93 ± 5
66 ± 6
98 ± 4
28 ± 4

414 ± 8
169 ± 10

85
115 ±3
48 ±7

108 ± 5
68 ± 5
77 ±4
67 ± 5
81 ± 3
37 ±4

381 ±8
220 ± 1

90
103 ± 3
63 ± 8
85 ± 4
79 ± 5
64 ± 3
68 ± 5
72 ± 3
46 ± 5

323 ± 6
255 ± 12

95
64 ±2
57 ±7
60 ± 4
50 ± 3
45 ± 3
44 ± 5
40 ±2
36 ± 5

209 ±6
187 ± 11

100
13 ±2
51 ±7
13 ±2
25 ±2
9 ± 1

19 ±3
13 ±2
26 ± 5
47 ±4

121 ±9

Table 10: Accepted cross-sections (infb) expected for the signal and the background, for various
Higgs boson masses, at a center-of-mass energy of 205 GeV.

mH (GeV/c1)
ALEPH
Signal
Background
DELPHI
Signal
Background
L3
Signal
Background
OPAL
Signal
Background
ALL
Signal
Background

80

118 ± 3
48 ±7

78 ± 4
56 ±6

88 ±6
70 ±6

55 ±2
25 ±4

339 ±8
198 ± 12

90

90 ± 3
82 ±9

84 ± 4
66 ±6

68 ±4
94 ± 7

48 ± 2
45 ± 4

287 ±7
288 ± 13

100

63 ±2
28 ± 5

66 ± 4
52 ±6

51 ± 3
59 ±6

39 ± 2
26 ±4

220 ±6
166 ± 11

105

46 ± 2
24 ± 5

48 ± 3
26 ± 4

38 ± 3
30 ± 6

26 ± 2
20 ± 4

158 ± 5
101 ± 10

110

32 ± 3
20 ±5

23 ± 2
13 ± 3

22 ± 3
20 ± 6

13 ± 1
15 ±4

89 ±4
68 ± 9

115

5 ± 1
20 ±5

3 ± 1
8 ± 2

4 ± 1
20 ±6

4 ±0.3
15 ±4

16 ±1
62 ±9
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2.4 Discovery and Exclusion Limits

Based on the simulations described in Section 2.3, it is possible to derive the exclusion and
discovery limits of the standard model Higgs boson as a function of the luminosity for the three
center-of-mass energies specified earlier. The contours are defined at her for the discovery in the
case of the existence of the Higgs boson and at 95% C.L. for the exclusion limits in the case of
negative searches, with the specifications described in Appendix 5.3.

In Table 11, the minimum integrated luminosities needed to exclude or discover a given
Higgs boson mass at the center-of-mass energies \fs = 175, 192 and 205 GeV are given for the
combination of all channels for each of the four experiments separately, as well as for the com-
bination of all channels for the four LEP experiments together. The results of the combination
of the four experiments are graphically shown in Fig. 13, and summarized in Table 12.

Combining the four LEP experiments, the required minimal integrated luminosity per ex-
periment to discover or exclude a certain Higgs boson mass at a given center-of-mass energy is
reduced to approximately a fourth of the average minimal integrated luminosity of each individ-
ual experiment. This implies that the maximal value of the Higgs boson mass will be reached
at a given energy for luminosities which can be naturally expected at LEP2. The following
conclusions can be drawn from detailed analyses of the figures and tables.

(i) At a center-of-mass energy of 175 GeV, the maximum integrated luminosity needed is of
the order of 150 pb"1 and this allows the discovery of a Higgs boson with a maximum
mass of about 82 GeV/c2. Indeed, combining the four experiments it follows that raising
the luminosity leads only to a marginal increase of the exclusion and discovery limits,
which are very close to each other.

(it) At 192 GeV it is again sufficient to have an integrated luminosity of about 150 pb"1, in
this case to discover a Higgs boson with mass up to 95 GeV/c2. Increasing the center-
of-mass energy from 175 to 192 GeV leads to a significant extension in the discovery
range of the Higgs boson mass. It is of great interest to observe that at >/« = 192 GeV
a 95 GeV/c2 Higgs boson mass can be excluded at the 95% confidence level with an
integrated luminosity as low as 33 pb"1 while with 150 pb"1 a Higgs boson mass close to
100 GeV/c2 can be excluded.

(Hi) This development continues up to 205 GeV, where a luminosity as low as 70 pb"1 is
sufficient to exclude Higgs boson masses up to about 110 GeV/c2, and a 5<r discovery
of a Higgs boson with a mass of order 105 GeV/c2 requires an integrated luminosity
of ~ 160 pb"1 . More luminosity is needed in this case, since the cross section of the
irreducible ZZ background increases. With an integrated luminosity of ~ 300 pb"1 a
Higgs boson mass close to 110 GeV can be discovered.

If each experiment is considered separately, the 5<r discovery limit for an integrated lumi-
nosity of 500 pb"1 is, on average, approximately given by TOH = 82 (95) (103) GeV/c2 for y/s=

379

Table 11: Minimum luminosity needed, in pb'1, by ALEPH, DELPHI, L3, OPAL, and for a
simple combination of the four experiments, at the three center-of-mass energies and for various
Higgs boson masses. The first number holds for the 95% C.L. exclusion, the second one for the
ha discovery.

Experiment
ALEPH

DELPHI
L3

OPAL
All

v/i=175
mH = 60 65

12:34 18:49
16:48 18:51

29:127 39:180
17:56 20:75
6:15 6:19

vA=192
Experiment mn= 80

GeV
70

25:76
31:87

56:244
34:96
8:28

GeV
85

ALEPH 33:117 42:166 59:
DELPHI 50:195 50:231 80:

L3 64:306 90:426 118:
OPAL 43:157 60:251 85:

Experiment
ALEPH

DELPHI
L3

OPAL
All

75
36:126
40:140
75:334
44:161

10:41

90
238 103:
388 118:
596 172:
360 182:

All 12:44 15:60 20:87 33

V* = 205
mH= 80 90

41:157 80:369
75:356 78:372
74:342 142:704
87:372 149:735

16:66 25:119

GeV
100

76:327
97:462

162:817
151:719
30:125

105
119: 504
114: 507
164: 897
267:1284

38:158

80
80:316
78:335

152:727
74:294
21:90

95
510
529
832
825
:149

110
186: 870
283:1296
409:2103
680:3500

72:339
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Figure 13: Minimum luminosity needed per experiment, in pb 1, for a combined 5<7 discovery
(full line) or a 95% C.L. exclusion (dashed line) as a function of the Higgs boson mass, at the
three center-of-mass energies.
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Table 12: Maximal Higgs boson masses that can be excluded or discovered with a given inte-
grated luminosity £m jn per experiment at the three representative energy values of 175, 192 and
205 GeV, when the four LEP experiments are combined.

sfs (GeV)

175

192

205

Exclusion:

mH (GeV/c2)

83

98

112

Lmin (pb'1)

75

150

200

Discovery:

mH (GeV/c2)

82

95

108

Lmin (pb )

150

150

300

175 (192) (205) GeV. Similar results may be obtained by combining the four experiments for an
integrated luminosity per experiment of about 150 pb"1. For the combined exclusion limits, the
maximum value of mn at y/s= 175, 192, 205 GeV is reached for a luminosity per experiment of
about 75, 150, 200 pb"1. A further increase in luminosity is not very useful in case of negative
searches. Clearly, energy rather than luminosity is the crucial parameter to improve the range
of masses which can be reached at LEP2.

2.5 The LHC Connection

It has been shown in section 2.4 that LEP2 can cover the SM Higgs mass range up to 82 GeV
at a total energy of \fs = 175 GeV while the Higgs mass discovery limit increases to ~ 95 GeV
for a total energy of 192 GeV. Since this mass range contains the lower limit at which the SM
Higgs particle can be searched for at the LHC, the upper limit of the LEP2 energy is quite
crucial for the overlap in the discovery regions of the two accelerators.

Low-mass Higgs particles are produced at the LHC predominantly in gluon-gluon colli-
sions [71, 72] or in Higgs-strahlung processes [73, 74],

PP

PP WH,ZH,ttH-*l + -n and l + bl

with the Higgs boson emitted from a virtual W boson or from a top quark. In the gluon-fusion
process the Higgs particle is searched for as a resonance in the 77 decay channel which comes
with a branching ratio of order 10"3 . Even though large samples of Higgs particles can be
generated in this mass range, the signal-to-background ratio is only a few percent and the
rejection of jet background events which are eight orders of magnitude more frequent, is a very
difficult experimental task. Excellent energy resolution and particle identification is needed
[75] to tackle this problem. It has been shown in detailed experimental simulations that the
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significance S/\/~B of the Higgs signal is expected to rise in this channel from a value ~ 2.5 at
mH = 80 GeV to a value ~ 4.5 at mH = 100 GeV for fC = 3 x 104 pb"1 if ATLAS and CMS
analyses are combined.

In the Higgs-strahlung process, the events can be tagged by leptonic decays of the W/Z
bosons or the t quark to trigger the experiment and to reduce the jet background. In these
subsamples the Higgs boson can be searched for in the 66 decay mode with a branching ratio
close to unity. This method is based on 6 tagging by micro-vertex detection which is anticipated
to be an excellent tool of the LHC detectors. After suitable cuts in the transverse momenta
of the isolated lepton and the 6 jets, a peak is looked for in the invariant M(66) mass. The
experimental significance S/y/B of this method is biggest for small Higgs masses. For J £ =
3 x 104 pb"1 and ATLAS/CMS combined, experimental simulations of the [ W]|66 sample suggest
that S/VB falls from ~ 8 at mB = 80 GeV down to ~ 6 at mH = 100 GeV. It is not yet
clear how the search can be extended to higher luminosities where the layers in the micro-
vertex detectors closest to the beams may not survive, thus reducing significantly the 6-tagging
performance of the experiments.

Combining the prospective signals from the 77 and the [W]ibb analyses, an overall signif-
icance of 7 to 8 may be reached for Higgs masses below 100 GeV, based on a low integrated
luminosity of / £ = 3 x 104 pb"1 within three years. Raising the integrated luminosity to
fC = 106 pb"1 increases the discovery significance to almost 9 for 80 < m j < 100 GeV [76].
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3 The Higgs Particles in the Minimal Supersymmetric
Standard Model

The Minimal Supersymmetric Standard Model leads to clear and distinct experimental signa-
tures in the Higgs sector. Two Higgs doublets, H\ and H2, must be present, in order to give
masses to the up and down quarks and leptons, and to cancel the gauge anomalies induced
through the Higgs superpartners. In the supersymmetric limit, the Higgs potential is fully
determined as a function of the gauge couplings and the supersymmetric mass parameter fi.
The breakdown of supersymmetry is associated with the introduction of soft supersymmetry
breaking parameters, which are essential to yield a proper electroweak symmetry breaking. In
the broken phase, the ratio of the Higgs vacuum expectation values, tan/? = V2/V1, appears as
a new parameter, which can be related to the other parameters of the theory by minimizing
the Higgs potential.

The physical Higgs spectrum of the MSSM contains two CP-even and one CP-odd neutral
Higgs bosons, h/H and A, respectively, and a charged Higgs boson pair I?* [23]. The tree-level
Higgs spectrum is determined by the weak gauge boson masses, the CP-odd Higgs mass, m j ,
and tan /?. It is only through radiative corrections that the other parameters of the model affect
the Higgs mass spectrum. The dominant radiative corrections to the Higgs masses grow as the
fourth power of the top-quark mass and they are logarithmically dependent on the sparticle
spectrum. The mass of the heavy Higgs doublet is controlled by the CP-odd Higgs mass
and, for large values of m^, the effective low energy theory contains only one Higgs doublet,
which couples to fermions in the standard way. In a first approximation, the Higgs masses
may be calculated by assuming that all spartides acquire masses of order of the characteristic
supersymmetry breaking scale Ms which, based on naturalness arguments, should be below a
few TeV. The low-energy effective theory below Ms is a general two-Higgs doublet model, with
couplings which can be calculated as a function of the other parameters of the theory. Under
these conditions, a general upper bound on the lightest CP-even Higgs boson mass is derived
for values of the CP-odd Higgs mass of order Ms. For smaller values of mx, a more stringent
upper bound is obtained. In the following, we shall discuss in detail the different methods to
compute the Higgs spectrum in the MSSM and the bounds which can be derived in each case.

3.1 Higgs Mass Spectrum and Couplings

3.1.1 Tree-level Mass Bounds

The masses of the Higgs bosons at tree level are determined as a function of TO^, tan /? and the
gauge boson masses as follows,

, 1
mhB ~ n

' 2
(18)
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(19)

The mass of the lightest MSSM neutral Higgs particle is bounded to be smaller than the Z
mass [24, 25],

"»£** < m z | cos 2/31, (20)

and it approaches this upper bound for large values of 771,4. The bound is modified by radiative
corrections, which raise the upper limit on the lightest CP-even Higgs mass to values close to
150 GeV.

3.1.2 Radiative Corrections to the Higgs Masses

The one- and partial two-loop radiative corrections to the Higgs mass spectrum in the MSSM
have been calculated. Computations implying a variety of different approximations, which
may be distinguished according to their level of refinement, exist. In general, the radiative
corrections to the Higgs masses are large and positive, being dominated by the contributions of
the third-generation quark superfields. Since the upper bound on mn determines the limit for
the detectability of the Higgs boson at LEP2, it is interesting to discuss the different methods
in some detail.

a) Diagrammatic Approach. Order by order, a precise method of computation of the
radiative corrections to the Higgs masses is the full diagrammatic approach. At the one-loop
level such calculations have been pursued by several authors [24, 26, 80]. Complete expressions,
including all supersymmetric particle contributions are available [81]. The resulting Higgs
masses are defined as the location of the pole in the Higgs propagator. In order to obtain
a more accurate estimate of the Higgs spectrum in the diagrammatic approach, the two-loop
effects must be evaluated. A first step in this direction was performed in Ref.[82] for the case
of large values of the CP-odd Higgs boson mass, large tan/3, and degenerate squark masses. It
was shown that these corrections may be quite significant, of order 10-15 GeV, underlining the
need for a careful treatment of the two-loop effects on the Higgs mass spectrum.

b) Effective Potential Methods. The leading corrections to the Higgs mass spectrum in the
MSSM can be computed in a very simple way by means of effective potential methods [27, 78]. If
all the contributions from the MSSM particles are included, the results within this scheme differ
from those of the full diagrammatic approach in that the Higgs masses are evaluated at zero
momentum. In order to simplify the calculations, it is possible to consider only the contributions
of the third-generation quark superfields, neglecting all weak gauge coupling effects in the one-
loop expressions [27]. This treatment of the effective potential has the virtue of displaying, in
a compact way, the full dependence of the one-loop radiative corrections on the stop/sbottom
masses and mixing angles. For a given squark spectrum, the numerical results obtained in this
case differ by only a few GeV from the results obtained within the full one-loop diagrammatic
approach. This reflects the smallness of the one-loop contributions from superfields other than
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top and bottom. Moreover, it shows that the one-loop vacuum polarization effects relating the
Higgs pole masses to the running masses calculated through the effective potential approach
are in general small. The effective potential computation can be improved by including the
dependence of the stop and sbottom spectrum on the weak gauge couplings [79]. In the limit
mti> m«a> rnA -^ m z> w ^ e r e m f u a r e the two stop mass eigenvalues, the expression of the
lightest Higgs mass takes a simple form,

m\ = m\ cos2 2/3 + (Am2)1LL + ( A T O 2 ^ (21)

where

and

In eq.(23), At — At — /icot/9 and the functions h and / are given by

(22)

(23)

(24)

The above expression is particularly interesting since it provides the upper bound on TO;, for a
given stop spectrum. Including two-loop effects remains, however, a necessary further step to
obtain a correct quantitative estimate of the Higgs mass.

c) Renormalization Group Improvement of the Radiatively Corrected Higgs Sector.
The most important two-loop effects may be included by performing a renormalization group
improvement of the effective potential, while taking into account, in a proper way, the effect of
the decoupling of the heavy third-generation squarks. This program can be easily carried out in
the case of a large CP-odd Higgs boson mass and degenerate squarks [77]. Since only one Higgs
doublet survives at low energies, the lightest CP-even Higgs mass may be calculated through
the renormalization group evolution of the effective quartic coupling, assuming that the heavy
sparticles decouple at a common scale Ms- The one-loop renormalization group evolution of
the quartic couplings includes two-loop effects through the resummation of the one-loop result.
The general result is, however, scale dependent but this dependence is reduced by taking into
account the two-loop renormalization group improvement of the one-loop effective potential
[84, 85]. The vacuum expectation value of the Higgs field and the renormalized Higgs mass
scale (approximately) with the appropriate one-loop anomalous dimension factors within this
approximation. The scale dependence of the Higgs mass is cancelled by adding the one-loop
vacuum polarization effects, necessary to define the Higgs pole mass. For the case of small stop
mixing and large values of tan/?, the Higgs spectrum evaluated through this method agrees
with the diagrammatic computation at the two-loop level [82, 85].

Analytical Expression for the Lightest CP-even Higgs Mass. The two-loop RG improvement of
the one-loop effective potential includes two-loop effects in two different ways: through the
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resummation of one-loop effects and through genuine two-loop effects. Numerically, the latter
are small compared to the resummation effects [83]. Once an appropriate scale of order of
the top-quark mass is adopted, the results of the one-loop RG improvement of the tree-level
effective potential including the proper threshold effects of squark decoupling, are in excellent
agreement with the pole Higgs masses computed by the two-loop RG improvement of the one-
loop effective potential [85, 89]. This holds, for large values of the CP-odd Higgs mass, for any
value of tan/3 and the squark mixing angles. Based on this result, an analytical approximation
may be obtained [89] which reproduces the dominant two-loop results [85] within an error of
less than 2 GeV. Fig.14 shows the agreement of the one-loop and two-loop results for TO/,
evaluated at the appropriate scale Mt, and the accuracy of the analytical approximation. In
the MS scheme, the pole top-quark mass Mt must be related to the on-shell running mass
TOJ = mt{Mt) by taking into account the corresponding one-loop QCD correction factor

TO, = (25)

Top Yukawa effects have been neglected in eq.(25), since they are essentially cancelled by the
two-loop QCD effects. Observe that eq.(25) gives the correct relation between the running and
the pole top-quark masses only if the leading-log contributions to the running mass, associated
with the decoupling of the heavy sparticles, are properly taken into account and the sparticles
are sufficiently heavy so that the finite corrections become small [90]. The analytical approxi-
mation to the one-loop renormalization-group improved result, including two-loop leading-log
effects, is given by [89]

', (i _ 3 =£ t)

^ 2Z ' ( 2 6 )

where the angle /? is defined at the scale m* = Ms and t = log(Mj/M2). i4( is defined above
and

Xt = — -̂ I I ^i— I (27)
' M| \ \2Ml) K >

Furthermore, a.(Mt) = a,{mz)l ( l + %;<x.{mz)lo&(M?/m%)) with 63 = 11 - 2NF/% being the
one-loop QCD beta function and Np the number of quark flavours [JV> = 5 at scales below
Mt]. The supersymmetric scale Ms is denned as Ms = »/(TO2 + TO? )/2. For simplicity, all
supersymmetric particle masses are assumed to be of order Ms. Notice that eq.(26) includes
the leading D-term correction Q{m2

zm\) [79].

A similar analytical result to eq.(26) has been obtained in Ref.[92]. In this approximation the
two-loop leading-logaxithmic contributions to ml are incorporated by replacing mt in eq.(21)
by the running top quark mass evaluated at appropriately chosen scales. For m^ ss m^ = Ms
the result is:

TOj, — TOJJ COS 2/3 -(- (ATO^)iLL(771f(/i()) + (ATTl^)m]x(TO((Ms)) (28)
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Figure 14: The lightest Higgs mass as a function of the physical top-quark mass, for Ms = 1
TeV, evaluated in the limit of large m^, as obtained from the two-loop RG improved effective
potential (solid lines), the one-loop improved RG evolution (dashed lines) and the analytical
approximation, eq.(S6) (dotted-lines). The four sets of lines correspond to a) tan/3 = 15 with
maximal squark mixing, b) tan j3 = 15 with zero-squark mixing, c) the minimal value of tan /3
allowed by perturbativity constraints for the given value of Mt (IR fixed point) for maximal
mixing and d) tan /? the same as in c) for zero mixing.
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Figure 15: The radiatively corrected light CP-even Higgs mass is plotted as a function of the
MSSM parameters. The one-loop leading-log computation is compared with the RG-improved
result which was obtained by numerical analysis and by using the simple analytic result given
in eq.(28).
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where /tt = \fMtMs\ the running top-quark mass is given by

(29)

with at = h%/4v. All couplings on the right hand side of eq.(29) are evaluated at Mt. The
requirement that the two stop mass eigenstates be close to each other allows an expansion of
the functions h and / , eq.(24), in powers of mtAt/Mg. The resulting expression for the Higgs
mass is equivalent to the one obtained by performing an expansion of the effective potential in
powers of the Higgs field <j>. Keeping only operators up to order four in the effective potential,
eq.(28) reproduces the expression of eq.(26). This comparison holds up to small differences
associated with the treatment of the effects due to the weak gauge couplings in the one-loop
effective potential, and with the inclusion of the top Yukawa effects in the relation between the
pole and running top-quark mass [89, 92]. A more detailed treatment of the dependence of the
Higgs mass on the weak gauge couplings may be also found in Ref.[91j.

Fig.15 shows the comparison between the results of the analytical approximation, eq.(29),
and the one-loop RG improvement to the full one-loop leading-log diagrammatic calculation.
In general, the prescription given in eq.(29) reproduces the full one-loop RG-improved Higgs
masses to within 2 GeV for top-squark masses of 2 TeV or below. The dashed line in the
figure shows the result that would be obtained by ignoring the RG-improvement; it reflects the
relevance of the two-loop effects in the evaluation of the Higgs mass.

The Case TTIA S Ms- A similar RG improvement of the effective potential method to the one
already discussed can be applied to calculate all the masses and couplings in the more general
case of a light CP-odd Higgs boson m^ £ Ms- As above, the finite one-loop threshold corrections
to the quartic couplings at the scale Ms at which the heavy squarks decouple [87] are also taken
into account. The effective theory below the scale Ms [86, 87] is a two-Higgs doublet model
where the tree-level quartic couplings can be written in terms of dimensionless parameters
A{, t = 1 , . . . , 7, whose tree-level values are functions of the gauge couplings. The one-loop
threshold corrections AAj, i = 1 , . . . , 7, are expressed as functions of the supersymmetric Higgs
mass fi and the soft supersymmetry breaking parameters At, A\, and Ms [87]. An analytical
approximation, which reproduces the previous one-loop RG improved results for all values of
tan/3 and mA, can also be derived. For example, generalizations of Eq. (21) can be found in
Refs.[89, 92]. The CP-even light and heavy Higgs masses and the charged Higgs mass are given
as functions of tan/3, Ms, At, Af,, ft, the CP-odd Higgs mass TUA and the physical top-quark
mass Mt related to the on-shell running mass mt through eq.(25). The analytical expressions
for the masses and mixing angle of the Higgs sector as a function of the parameters A; are
presented in Appendix 5.2. These expressions are the analogue of eq.(26) for the case in which
two-Higgs doublets survive at low energies. Effects of the bottom Yukawa coupling, which may
become large for values tan/3 ~ mt/mt, (mi, being the running bottom mass at the scale Mt),
are also included. A subroutine implementing this method is available [93].
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Table 13: MSSM Higgs couplings relevant at LEP2.

Vertex Coupling

{h,H}W,,Wv

{h,H,A}uu

{h,H,A}dd

{h,H}AZ,,

sm(P - a),cos(a - /3 )

g^MP ~ <*),cos(a - /

{cos a, sm a, —175 cos p)
snip

- 1 - '-= {- sin a, cos a, -175 sm /3}
cosp

-(y/2Gr)1/2mz{p + *)„{«»(/? - a), - sin(/3 - a)}

Couplings. Notice that the radiatively corrected quartic couplings Aj, i = 1,...,7, and hence
the corresponding value of the Higgs mixing angle a as given in Appendix 5.2, permit us to
evaluate all radiatively corrected Higgs couplings. For instance, the Yukawa and gauge Higgs
couplings relevant for LEP2 energies are listed in Table 13 [pw (fcM) is the incoming (outgoing)
CP-odd (CP-even) Higgs momentum]. The size of the couplings of the two scalar Higgs bosons
to fermions and a gauge boson are shown in Fig.16 [95]. For fermions the charged Higgs
particles couple to mixtures of scalar and pseudoscalar currents, with components proportional
to mucot/3 and m,(tan/3 for the two ± chiralities. The couplings to left(right)-handed ingoing
u quarks are given by <?#+,!„„„ = [v^GyP^m,, cot/3 (m.itan/3). For large tan/3 the down-type
mass defines the size of the coupling; for small to moderate tan j3 it is defined by the up-type
mass. Furthermore, the trilinear Higgs couplings can be explicitly written as functions of Aj, a
and /3 [87, 88].

d) Renormalization Group Improvement of the Effective Potential: General Third-
Generation Squark Mass Parameters . The above one-loop RG improved treatment of the
effective potential relies on the definition of an effective supersymmetric threshold scale, Ms =
(m^ + m?2)/2. Its validity is therefore restricted to the case of small differences between the
squark mass eigenvalues. Quantitatively, the method is valid if (ro^ — n l |1)/(ni|J + >Wja) < 0.5.
Furthermore, all the RG Higgs analyses performed in the literature, besides Ref.[91], rely on
the expansion of the effective potential up to operators of dimension four. However, to safely
neglect higher dimensional operators, the conditions 2|Mt.4t| < Ml and 2\M,fi\ < Ms must be
fulfilled.
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Figure 16: MSSM Higgs couplings normalized to the SM couplings

The case of large splitting in the stop sector is particularly interesting in the light of recent
measurements of iJj, = T(Z —» bb)/r(Z —• hadrons), whose discrepancy of more than 3 standard
deviations with the SM prediction can be ameliorated in the presence of a light higgsino together
with a light right-handed stop (see the discussion in the chapter on New Particles) [101]-[104].
The left-handed stop must instead remain reasonably heavy to avoid undesirable contributions
to the W mass and the Z leptonic width. It is hence important to generalize the results
previously obtained by using the renormalization group improved one-loop effective potential,
to the case of general values of the left- and right-handed squark masses and mixing parameters,
m.Q, mu, fir>, At and Ah, respectively. In this case the contribution of higher dimensional
operators to the effective potential must be properly taken into account; hence, the naive
treatment in terms of quartic couplings is no longer appropriate.

In Ref.[91], a method has been developed for the neutral Higgs sector of the theory, in
which each stop and sbottom particle is decoupled at its corresponding mass scale. Threshold
effects, associated with the decoupling of the heavy sparticles, are frozen at the decoupling
scales; they evolve, in the squared mass matrix, with the anomalous dimensions of the Higgs
fields. The threshold effects achieve a complete matching of the effective potential for scales
above and below the decoupling scales, and include all higher order (non-renormalizable) terms
arising from the whole MSSM effective potential. The dominant leading-log contributions
in the expressions of the renormalized Higgs quartic couplings involve the scale dependent
contributions to the effective potential and are treated in the same way as in the RG improved
approach described above. The way to proceed in evaluating the CP-even Higgs mass values
and mixing angle a is explained in detail in Ref.[91]. A subroutine implementing the method is
available [94]. This approach makes contact with the computation of the Higgs masses by means
of the effective potential performed in Ref.[27]. Moreover, it reproduces the results of Ref.[89]
for small mass splitting of the squark masses. This comparison holds up to a tiny difference
coming from the inclusion of the small dependence of the one-loop radiative corrections on the
weak couplings and the vacuum polarization effects. Indeed, in Ref.[91] the definition of pole
Higgs masses is introduced by including the most relevant vacuum polarization effects. The
gaugino corrections, which are relatively small, have been also included by incorporating (only)
the one-loop leading logarithmic contributions.

3.1.3 Results

The lightest CP-even Higgs mass is a monotonically increasing function of m^, which in the
low tan/? regime converges to its maximal value for TTIA ~ 300 GeV. In Fig.17 the upper limits
on the lightest CP-even Higgs mass mj, [realized in the large mA limit] are shown as a function
of tan /?. Since the radiative corrections to the Higgs mass depend on the fourth power of the
top mass, the maximal top-quark mass compatible with perturbation theory up to the GUT
scale has been adopted for each value of tan/?. Apart from the natural choice of the mixing
mass-parameters and the scale M§, this result is the most general upper limit on TOJ, for a given
value of tan/? in the MSSM. The variation of the upper bound on mj as a function of Mt is
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shown by the solid line (a) of Fig.14. In Fig.18 the mass mi is plotted for different values of the
mixing parameters A = At and \i. In fact, A ~ \fi\ < Ms yields the case of negligible squark
mixing, while A = s/6Ms, |/i| -C Ms characterizes the case of large mixing [i.e. the impact of
stop mixing in the radiative corrections is maximized]; A = —y, = Ms yields moderate mixing
for large tan/? while the mixing effect is close to maximal for low tan/3. In Fig.19 we show the
masses of the two CP-even Higgs bosons and of the charged Higgs boson as a function of mA

for the case A = -\i = Ms = 1 TeV, Mt = 175 GeV and different values of tan/3. The peculiar
behavior of mj, and roj for large tan /? will be explained in the following.

In general, for very large values o/tan/3 and values of p, At and Ab of order or smaller than
Ms, the mixing in the Higgs sector is negligible and the CP-even Higgs mass eigenstates are
approximately given by Hi and H2. As a result, the properties of h and H mainly depend on the
value of mA. For mA > 2v2A2 = m | + rad.corr., one approaches the decoupling limit and the
relations sin a ^ — cos/3 and cos a ~ sin/? hold. Hence, the CP-even Higgs mass eigenstates
are given by h ~ sin/?#2 + cos/?.ffi a Hz and H 2; sin/? if 1 — cos0H2 ~ H\. In this case the
lightest CP-even Higgs couples to up (down) fermions as

huu —» /iusin/? and hdd —• hj cos /? (30)

where ftusin/? (ftjcos/?) is the SM coupling h™ (h$M) [Observe that hs,M = gffffy/2, with
/ = u,d). The heaviest CP-even Higgs boson, instead, couples in highly non-standard way to
fermions,

ITufi->fcucos/? = ftfM cot/? and Hdd -* hd sin /? = hs
d
M tan /3 (31)

so that the coupling to up (down) quarks is highly suppressed (enhanced) with respect to the
coupling in the Standard Model. For m\ < 2u2A2 instead, sin a ~ — sin/3 and cos a ^ cos/3.
Hence, the CP-even Higgs mass eigenstates are given by ft ~ cos/?#2 + sin/3Hi ~ Hi and
H a —sin/?H2 + cos/?.ffi ~ — Hi. In this case the situation is interchanged; ft has the non-
standard type of couplings to fermions, eq.(31), and H has the SM couplings, eq.(30).

The values of the CP-even Higgs masses depend on the size of the H2 or Hi component.
When the Higgs is predominantly Ht, its mass is given by eq.(26) for |cos2/?| = 1, neglecting
the small bottom-quark Yukawa effects. When the Higgs is predominantly Hi, instead, its
mass is given by mA. Hence, the mass of the lightest Higgs boson is given by m\ a m\ (and
non-standard couplings to fermions) if mA < 2v2X2, and it is given by eq.(26) for larger mA,
for which the couplings to fermions are SM-like. The complementary situation occurs for H
and this can clearly be observed in Fig.19.

The effects of the bottom quark are only relevant in the limit of large p parameters. For
values of /i larger than Ms relevant corrections, which are dependent on the bottom mass, enter
the Higgs mass formulae. This can be easily understood in the case TUQ = my = mn — Ms,
by studying the dependence of A2 on the supersymmetric Yukawa coupling ftb [see appendix
5.2]. For values of hi, of order of ftt, or equivalently for tan/? 2: mt/mi,, A2 depends significantly
on the fourth power of the /x parameter. These radiative corrections are negative, lowering the
mass of the CP-even Higgs associated with the H2 doublet. Fig.20 shows the case of large mA.

393

I
ff 100 -

S 6 7 8 9 10
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of tan /? for zero mixing (dashed line) and for the maximal impact of mixing in the stop sector
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Figure 20: Plot of the pole Higgs moss Mh as a function of mo, for Mt = 175 GeV, tan/3 =
60, At = 0, mu = rriQ = 1 TeV, At =0. 1.5, 2.4 TeV (from bottom to top) and /* = 1 TeV
(solid curves), /i = 2 TeV (dashed curves).
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For large values of \i and small values of m*, the charged Higgs mass also receives large
negative radiative corrections, which grow as the fourth power of the /i parameter. Hence,
large negative corrections to the charged Higgs mass may be obtained. Such large values of p,
however, may be in conflict with the stability of the ordinary vacuum state.

3.1.4 Additional Constraints: b-r Unification and Infrared Fixed Point Structure

The MSSM can be derived as an effective theory in the framework of supersymmetric grand
unified theories. In addition to the unification of gauge couplings, the unification of the b and r
Yukawa couplings, h(McvT) = K{MGUT), appears naturally in most grand unified scenarios.
Given this additional constraint, the experimental values of the b and r masses at low energies
determine the value of Mt as a function of tan 3 [18, 29, 30]. In fact, for the present experimental
range of the top-quark mass Mt = 180 ± 12 GeV [33], the condition of b-r unification implies
either low values of tan 8,1 < tan 3 < 3, or very large values of tan 3 = O(mt/mb) ~ 50 [18,29]-
[32]. To accommodate b-r unification, large values of the top Yukawa coupling axe necessary in
order to compensate for the effects of the renormalization by strong interactions in the running
of the bottom Yukawa coupling. Large values of hl{MavT)l^ — 0-1-1 ensure the attraction
towards the infrared (IR) fixed point solution for the top quark mass [34]. The strength of the
strong gauge coupling as well as the experimentally allowed range of the bottom mass play a
decisive role in this behavior [30]-[32]. In the low tan/3 case, for the presently allowed values
of the electroweak parameters and of the bottom mass and for values of a,(mz) £ 0.115, b-r
unification implies that the top-quark mass must be within ten percent of its infrared fixed point
values. A mild relaxation of exact unification [0.85-0.9 < kt/hr\MaVT < 1-15] still preserves this
feature, especially for values of Mt, < 4.95 GeV. In the large tan/3 region, hi, is O(ht) and the
infrared fixed point attraction, within the context of b-r Yukawa coupling unification, is much
weaker.

The top-quark mass is also predicted to be close to its infrared-fixed point value in string
scenarios, in which the top-quark Yukawa coupling is determined by minimizing the effective
potential with respect to moduli fields [99]. Quite generally, the fixed point solution, ht = feffi,
is obtained for large values of the top Yukawa coupling at high energy scales, which however
remain in the perturbative regime. Within the framework of grand unification, one obtains
(^ H ) 2 /4TT ~ (8/9)a,(mz) for MGVT ^ 1016 GeV, and the running top-quark mass tends to its
infrared fixed point value m\R = hlRvsm3. Hence, relating the running top-quark mass mt

with the pole top-quark mass Mt by taking into account the appropriate QCD corrections we
arrive in the low tan/3 regime at [100],

+ £?(<*?) x 196 GeV (32)M™ ~ sin/3 [1 + 2(a,(mz) - 0.12)] [l +
L

The strong jlfj-tan/3 correlation associates with each value of Mt at the infrared fixed point
the lowest value of tan/3 consistent with the validity of perturbation theory up to scales of
order MGVT- K the physical top-quark mass is in the range 160-190 GeV, the values of tan 8
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are restricted to the interval between 1 and 3. This is in agreement with the results from b-r
Yukawa unification.

The infrared fixed point solution can also be analysed in the large tan/9 case, where the
effects of the bottom Yukawa coupling need to be taken into account in the RG evolution as
well. For instance, if the values of the supersymmetric Yukawa couplings of the bottom and top
quarks are very close to each other, mt(Mt) ~ rrn(Mt) tan /3, the infrared fixed point prediction
for the top-quark mass is reduced by a factor ^6/7 with respect to eq.(32) [98, 105]. Still, the
values of Mt predicted in this regime are about 190 GeV.

After the above general discussions we shall describe their consequences for the Higgs sector:

(i) The infrared fixed point structure in the low tan/3 region have far-reaching consequences
for the lightest CP-even Higgs mass in the MSSM [96]-[98]. Indeed, for tan/3 larger than
one, the lowest tree-level Higgs mass is obtained at the lowest value of tan/3. Hence, in any
theory consistent with perturbative unification, the fixed point solution is associated with the
lowest value of the tree-level mass consistent with the theory. Even after including radiative
corrections, the upper bound on the Higgs mass is considerably reduced at the fixed point
solution: for a top mass of 175 GeV, the upper limit of the Higgs mass is less than 100 GeV,
while for Mt = 160 GeV, it is even less than 80 GeV (see Fig.14). Hence, if the infrared fixed
point solution for the top-quark with Mt £ 175 GeV is realized in nature, the lightest CP-even
Higgs mass must be accessible at LEP2 for y/s = 192 GeV [37, 89]. Fig.14 shows also that for
Mt= 175 GeV the upper bound on the lightest Higgs mass in the case of b-r Yukawa coupling
unification is nearly 25 GeV smaller than the unrestricted MSSM limit.

The present data indicate that the value of .Rj, = Ti,/Th is more than 3<r above the SM
prediction for this quantity. Large positive radiative corrections to Rt are always associated
with large values of the Yukawa couplings; they are therefore maximized at the infrared fixed
point solution [102, 100]. Moreover, presicion measurements also provide information about
the structure of the soft supersymmetry breaking terms: Low values of the right-handed SUSY
breaking stop mass mu and of the SUSY mass parameter /t are preferred, while the left-handed
stop mass parameter m<j must be larger than mjj. For a fixed large value of TTIQ, the upper
bound on the Higgs mass is significantly lower in the case mu <C TOQ than in the case mu — IUQ.
Fig21 shows the Higgs mass as a function of TOQ for mu = 100 GeV, TTIA = 300 GeV and tan/3
consistent with the fixed point solution for Mt = 175 GeV, for different values of the mixing
mass parameter At. Even for the largest value of At physically acceptable [i.e. Wf above the
experimental lower bound], the Higgs mass remains below 85 GeV. Hence, for the values of the
supersymmetry breaking mass terms preferred by the precision electroweak data, associated
with a light right-handed stop, lower values of ro/, than naively expected are obtained.

Furthermore, the most general upper bounds on m/, at the infrared fixed point are valid for
very large values of the mixing parameters in the squark sector [At, As, and /i] which in general
are hard to realize. Requiring radiative breaking of the electroweak symmetry [yet no colour
breaking], and imposing the boundary conditions from experimental SUSY mass limits, the
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respectively.

range of upper values of mn is reduced further [100]. In the general framework of supergravity
models, various analyses have been performed in the literature to study the spectrum of a
constrained MSSM at different levels of refinement [106].

(ii) The condition of b-r Yukawa coupling unification is also consistent with the values of the
top-quark mass measured at the Tevatron for very large values of tan/3 Ci mt/mt,. There are,
however, large uncertainties in this sector associated with one-loop supersymmetric corrections
to the bottom mass. These radiative corrections are strongly dependent on the structure of the
supersymmetric spectrum and induce strong variations in the predictions for the top-quark mass
and tan/3, once the unification of the b and r Yukawa couplings is implemented. Nevertheless,
the large tan/3 regime with unification of the b-r Yukawa couplings, although more model
dependent, provides an interesting framework for Higgs particle searches at LEP2.

Large positive radiative corrections to i£j can also be obtained for large values of tan/3, since
the supersymmetric bottom-quark Yukawa coupling is enhanced in this regime. Indeed, the
value of Rt can be significantly increased if the CP-odd Higgs mass is below 70 GeV [101]-[103].
This is a result of the large positive one-loop corrections associated with the neutral CP-odd
Higgs scalar sector of the theory. Low values of the CP-odd Higgs mass, mx — mz, imply
that both the lightest CP-even and the CP-odd Higgs masses would be at the reach of LEP2.
The charged Higgs mass is approximately determined through the CP-odd Higgs mass value,
mjji ~ mA + rofp, and hence, strong constraints on TUA are obtained from the charged Higgs
contributions to BR(fe —> sy). Even conservatively taking into account the QCD uncertainties
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associated with the branching ratio BR(6 —» sf) [i.e. assuming e.g. 40% QCD uncertainties],
the b —> s~f decay rate becomes larger than the presently allowed experimental values [107] for
mji± £ 130 GeV, unless the supersymmetric particle contributions suppress the charged Higgs
enhancement of the decay rate. The most important supersymmetric contributions to this rare
bottom decay come from the chargino-stop one-loop diagram [108]. The chargino contribution
to the b —> «7 decay amplitude depends on the soft supersymmetry breaking mass parameter
At and on the supersymmetric mass parameter \i. For very large values of tan/?, it is given by

i+ ~ - 4 - i r tan/3 <? (33)

where G{x) is a function with values of order unity when the characteristic stop mass mi is
of order fi, and it grows as \i decreases. For positive (negative) values of At x fi the chargino
contributions are of the same (opposite) sign as the charged-Higgs contributions. Hence, to
partially cancel the light charged-Higgs contributions and render the 6 —> 47 decay rate ac-
ceptable, negative values for At x /t are required. This requirement has direct implications on
the corrections to the bottom mass mentioned above and puts strong constraints on models
with unification of the Yukawa couplings [36, 109].

3.1.5 MSSM Parameters

In the experimental simulations, we have chosen as the two basic parameters of the Higgs sector
the mass mA of the pseudoscalar Higgs boson within the limits 40 GeV < TO* < 400 GeV, and
the angle /? within the bounds 1 < tan/? < mt(Mt)/m,i,(Mt) ^ 60. The upper limit on mj is
introduced merely for convenience, since the variation of mj with m\ becomes negligible for
values of mA > 200-250 GeV. The upper value of tan /? is chosen such that the bottom Yukawa
coupling remains in the perturbative regime for scales below the grand unification scale. A given
value of tan/? implies an upper limit on the top mass for which the theory can be extended
perturbatively up to the GUT scale. For tan/? = 1 this upper limit is already close to 150 GeV
so that lower values of tan/? would be inconsistent with values of the top quark mass in the
experimental range. In the examples we shall discuss, we have chosen:

(i) Top mass, Mt = 175 ± 25 GeV;

(n) SUSY scale, Ms = W3 GeV;

(iii) SUSY Higgs mass parameter y. and soft SUSY breaking parameter At = A\, = A:
A = 0 and \/i\ < Ms [no mixing];
A = i/6Ms and \n\ <C Ms [maximal mixing];
A = Ms = — fi ["typical" mixing].
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We have taken Ms of order 1 TeV to include the effects of possibly large radiative corrections
to the lightest CP-even Higgs mass. In the same way the choice of the soft SUSY breaking
parameter A and of the SUSY mass parameter fi is motivated. The central top mass value
is close to the central value measured at the Tevatron [33]. The upper and lower bounds are
extreme, roughly corresponding to the ±2<r limits of the CDF measurement. Although the
central value for Mt extracted from the LEP precision measurements in the MSSM for large
masses of the SUSY particles would be somewhat lower than the central value observed in the
Tevatron events, the lower values are still consistent at the la level.

3.2 Production and Decay Modes of MSSM Higgs Particles

3.2.1 Higgs Production

The main production mechanisms of the neutral Higgs bosons h and A in the MSSM at LEP2
energies are through the following processes [110]:

Higgs-strahlung:
Associated pair production: Ah

(34)

The fusion processes, similar to the Standard Model, play only a marginal role at the kinematical
limit of the Higgs-strahlung process for the production of the CP-even Higgs boson h. The CP-
odd Higgs boson A cannot be produced in Higgs-strahlung and in fusion processes to leading
order.

The production of the heavy CP-even Higgs particle H is very difficult at LEP energies. In
the tiny corner of parameter space, for moderate to large tan/3, where associated AH produc-
tion would be allowed kinematically, the production cross section is suppressed by the small
coefficient sin2(/? — a), due to the ZAH coupling discussed earlier, and the threshold P-wave
factor. For tan/? = 3(50), mA = 60 GeV, mH = 123(117) GeV, it is 4(0.001) fb.

The cross sections (34) may be expressed in terms of the cross section <TSM f°r Higgs-
strahlung in the Standard Model in the following way [110, 41]:

(r(e+e~ -> Zh) = sin2(/? - a) CTSM
<r(e+e~ -> A h) = cos2(/? - a) A <TSM

(35)
(36)

The factor A = [127n?j/« + AZJ,]} accounts for the correct suppression of the P-wave
cross section near the thresholds. [Aij = (1 — (TO; + TOj)2/.s)(l — (mj — m,j)2/s) is the usual
momentum factor of the two particle phase space.] The cross section for WW fusion of h is
reduced by the same factor sin2(/? — a) as is the cross section for Higgs-strahlung.

The cross sections for Higgs-strahlung Zh and associated pair production Ah are comple-
mentary to each other, coming either with the coefficient sin2(/? — a) or cos2(/? — a). The cross
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sections are shown for two representative values of tan /? = 1.6 and 50 in Fig.22. The top-quark
mass is varied, as usual, between 175 ± 25 GeV. Since the upper limit on nn depends strongly
on Mt for small values of tan fi where the tree-level mass is small, the endpoints of the curves
are shifted upwards significantly with increasing top mass. For large values of tan/3, on the
other hand, the dependence of the upper bound of roj, on the radiative corrections is weaker for
rising top mass due to the large value of m/, at the tree level. The supersymmetric coefficient
cos2(/3 - a) is nearly independent of the top mass and it is very close to unity, so that the
spread between the curves is negligible; the coefficient sin2(/3 — a) is correspondingly small. In
this large tan /3 case, the curves terminate at the kinematical limit before mjj"* can be reached,
in contrast to the small tan/3 case. For large tan/3 the non-zero widths of the particles are
taken into account.

For small tan/3, Higgs-strahlung Zh provides the largest production cross section while the
cross section for Ah associated pair production is much smaller. With <rzh ~ 0(0.5 pb) at
,/s = 192 GeV, this mechanism gives rise to a large sample of Higgs particles. For large tan/3,
associated Ah production is the dominant mechanism with rates similar to the previous case.

The predictions for the cross sections e+e~ —» Zh and Ah presented above have been based
on the improved effective potential approximation which takes into account heavy (s)quark
effects on Higgs masses, mixings and couplings. It turns out a posteriori that this scheme
is quite accurate. Indeed, the box contributions to the cross sections are fairly small [111].
This is demonstrated in Fig.23 where the box contributions are compared with the Born term,
denned for the effective value tan 2a = - ( m | + m2

A) tan /3/(m| + m\ tan2 /3 - m2,/ cos2 /3). The
leading part of the box contributions is generated by the two-Higgs doublet diagrams while the
contributions of the genuine SUSY particles are very small.

The angular distributions are of the standard form [47] for Higgs-strahlung and spin-zero
pair production,

dcos6
f A si
\ sin2

sin2 0 + 8m%/s
2e

for
for

Zh
•Ah

(37)

Since the main decay mode of scalar and pseudoscalar Higgs particles are 66 decays in the
MSSM, it is interesting to study the 4-fermion process e+e~ —> 6666 in greater detail. The
final state includes the signal Zh —> (66)7(66)^ in the Higgs-strahlung process, and the signal
Ah —* (66)^(66)/, for associated pair production. The main component of the background is
e+e~ —* Z'Z' production followed by Z" —> 66 decays. These cross sections have been evaluated
for a cut on the invariant 66 mass of m(66) > 20 GeV. The results are shown for a variety of
combinations (ro.4, tan/3) in Table 14 for y/s = 192 GeV.

The cross section for the production of charged Higgs bosons

e+e" -* H+H~ (38)

is built up by ^-channel 7 and Z exchanges [41, 112]. It depends only on the charged Higgs

401

10° ^

10"

lCT" =-

KT" =-

J 1 1 1 1 1

= \

1 1
m

=- 150 \III!

-

f Ah
: , I 1 I I I

1

top

\\
\

I I .

=150

\\\\
i

i 1 1

1
GeV

175^

|

1 1 1

\

\\
\
i
i
i

i i!

1 1 '

<r(e+e

Vs =

\

I 1 I

1 i 1

175

1 '

'-»Ah,Zh)
192

\200
i
V
i
I

i l l i

GeV

=1.6

1 1

[pb]

i i

. I 1 L

m
l 

i

200 :

JlL

=

inr

-

Il
ll
ll

I t

50 60 70 80
Mh [GeV]

90 100

10"

10'

J i I I I I I I I I I I I I I I I I 1 I I I I C

Zh er(eV->Ah,Zh) [pb]
W Ah Vs = 192 GeV

tg/3=50

GeV

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I , ,li,
50 60 70 80

Mh [GeV]
90 100

Figure 22: The cross sections for Higgs-strahlung Zh and associated pair production Ah in the
MSSM for two values of tan/3 = 1.6 and 50 and the top mass Mt = 175 ± 25 GeV.
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mass and no extra parameter,

<r(e+e- -» H+H~) =

where the rescaled Z charges are defined by at = — 1/Acwsw *nd vc = (—1 + 4a^) /
and i>H — ( - 1 + 2s\r)/2cwsw [note that «|^ = sin2#»>•]; (3H = (1 — 4mfr±/.s)1/2 is the velocity
of the Higgs particles. The cross section is shown in Fig.24 as a function of the charged Higgs
mass for the three representative LEP2 energy values -Js — 175, 192 and 205 GeV. Within the
MSSM the present lower limit of the charged Higgs boson mass is about 85 GeV so that only
a small window is left for LEP2. Even though the cross section is not particularly small for

Table 14: The process e+e~ -+ bbbl at ^/s = 192 GeV. Cross sections in fb.

no

ISR

with

ISR

(mA [GeV], tan/?)
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HZHA/PYTHIA

EXCALIBUR

HZHA/PYTHIA

(75,30)

135.17(61)

118.60(58)

(400,30)
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18.761(87)
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(400,1.75)
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oo
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Figure 24: The cross section for charged Higgs boson production.

mjj± ~ 80 to 90 GeV, the signal is very hard to extract from the overwhelming background of
WW pair production in this mass range. The analysis of cascade decays H* —> W'h, W'A [95]
can ameliorate the prospects of detecting the charged Higgs boson in this mass range for small
tan p.

3.2.2 Decay Modes of the MSSM Higgs Particles

Decays to SM particles. For tan /? > 1 the lightest CP-even neutral Higgs boson h decays almost
exclusively to fermion pairs if the mass m.h is less than 100 GeV. Near the upper limit of raj,
for a given tan/?, i.e. in the decoupling region, the decay pattern becomes SM-like. Fermion
pairs are also the dominant decay mode of the pseudoscalar Higgs boson A. The partial decay
widths of all the neutral Higgs bosons $ into fermions are given by

r(*
17 a.

(40)

in the limit m\ ^> mj. The couplings gtff have been denned in Table 13. The small additional
O{a\) contributions have been summarized in Ref.[12]. As anticipated from chirality arguments,
the widths, including the QCD radiative corrections, do not depend on the parity of the state
apart from the overall coupling g*n in the limit of large Higgs masses. For quark decays,
TO/ has to be chosen as the running quark mass evaluated at the scale TO#. The electroweak
corrections are incorporated at a sufficient level of accuracy by adopting the effective potential
approximation for the couplings [113].
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The partial width for charged Higgs decays to quark pairs is obtained from

u£)) = 3GFmg* |v^)2 ^p^ + t ^ ^ ^ ] [x + ^ j (41)

This formula is valid if either the first or the second term is dominant. The up and down quark
masses wiujy a r e defined again at the mass scale of the charged Higgs boson.

Since the 6 quark couplings to the Higgs bosons are in general strongly enhanced and the
t quark couplings suppressed in the MSSM [cf. Fig.16], 6 loops may contribute significantly to
the gg coupling so that the approximation m2} >• ro| cannot be applied any more in general.
Nevertheless, it turns out a posteriori that this remains an excellent approximation for the
QCD corrections. The CP-even and CP-odd Higgs decays to gluons and light quarks [12] are
given by the expressions

where the parentheses refer to the pseudoscalar particle. The form factors are defined by

AhcjA = g%A x T [1 + (1 - T) / ( T ) ] and AA = gArf(r) (43)

with f(r) = arcsin2(l/^F) for -r > 1 and -\ [log(l + v T ^ 7 ) / ( l - VT^) - i*f for r < 1.
The parameter T = 4mg/7n| is defined by the pole mass of the heavy loop quark Q. In the
same way as a,(mt), the coefficient of the QCD corrections must be evaluated for Np = 3 if
gluons and only light quarks are considered in the final state [cf. the SM section for details].

At the edge of the mass range accessible at LEP2, the CP-even Higgs boson h can decay
into virtual gauge boson pairs W*W/Z*Z. The widths are the same as in the Standard Model,
yet suppressed by the MSSM coefficient sin2(/? — a).

(ii) Cascade decays. A variety of cascade decays could in principle play a role in some ranges
of the MSSM parameter space accessible at LEP2, if sufficiently large samples of heavy Higgs
bosons were generated. However, for the typical set of parameters discussed in this report,
these decay modes are not very important in general and details may be traced back from
[95, 114]. The only exception are the cascade decays of the charged Higgs bosons [95] for small
to moderate tan fi,

T(ff+ -> W ~ -+ fc//') =

r(jBT+ -> J4W + > -> 4 / / ' ) =

cos2(/? - a)mH±Ghw (44)

(45)

The coefficients G depend on the mass ratios of the particles involved,

Gij = ^{ 2 ( -
JT / K,(l - Kj + Kj) - Ay
- + arctan ' —

^(1 - K() [5(1 (46)
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with Hi = m\lm2
H± and Ajj = — 1 + 2ic< + 2KJ — («; — Kj)2. These decay modes are important

for sufficiently light h/A Higgs bosons. If they are allowed, in particular H* -+ AW", they
reduce the TVT branching ratio considerably, and they overrule cs decays as the second most
important decay channel of the charged Higgs bosons.

Summary of the branching ratios. The branching ratios for the standard quark/lepton/gauge
boson and the cascade decay modes discussed above, are shown for "typical mixing" and two
representative values tan/? = 1.6 and 50 in Fig.25. Unless otherwise specified the top mass in
Fig.25 has been fixed to Mt = 176 GeV. Increasing the top mass shifts the upper end of the 6
and r curves upwards while the cc and gg curves are transferred nearly parallel, a consequence
of the larger Higgs mass values. The effect of varying a, = 0.118 ± 0.006 is indicated by the
hatched bands. The curves labeled 66 and cc correspond to all mechanisms generating inclusive
b,c quarks in the final states, while the curve labeled gg includes gluons and light quarks.
At tan/? = 1.6, interesting cascade decays are predicted for moderately small charged Higgs
masses, H* —> AW" and hW"\ they affect the experimental search techniques also in the rvT

channel by reducing this important decay branching ratio. For large tan/?, 66 and T+T~ decays
are overwhelming except in the decoupling regime near the upper limit of the h mass.

Predictions for decays of the heavy CP-even Higgs boson H are discussed in great detail in
Ref.[12].

Neutralino decays. For h, A Higgs masses up to ~ 120 GeV, there are still windows open for
decays into pairs of light neutralinos [41, 115]. These windows have been left by LEP1 and
they cannot be closed by LEP1.5 either. The decay channels of interest are

h,A- (47)

for small to moderate tan/?.

Masses and couplings of the states Xi depend on tan/?, the SU2 gaugino mass parameter
M2, and the Higgs mass parameter /i. [We assume the relation Mi = |tan2#iyM2 ĉ  |Af2-]
For large Mj and small (positive) /i values, the lightest neutralino x? is predominantly built
up by the higgsino component while for large values of fi the light x? state is predominantly
gaugino-like. The couplings of xi to h and A are given in terms of the neutralino mixing matrix
Zby

Kh = (Z12— ta.n8wZn)(smaZi3-\-cosaZn)

K.A = {Z12 - tan 9wZn)(- sin fi Z13 + cos fi Zlt)

[see e.g. [116]]. Since Zu/Zi2 correspond to the gaugino components of x? while Z13/Z14
correspond to the higgsino components, the couplings feXiXi and Axixi c a n only °e non-
negligible if the state xi incorporates both components at a significant level. Moderate values
of Afj, /i are therefore the favorable domain for LSP decays. The widths for the h, A decays
into X1X1 pairs can be written as
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Figure 25: Decay branching ratios of the MSSM Higgs bosons h, A, fir± into SM particles and
cascade decays. The bands characterize the uncertainties in the predictions, except those due to
the top mass, which are indicated by bars.

407

MSSM: BR(H*)
tgp-1.6
A--(i-lTeV

1

•I

10

io •'

BR(H*)
tgP-50
A--(i-lTeV

-

!

..,. v

TV

cb

:

« ;

t . . . . i . . 7
80 85 90 95 100 105 110 115 120 95 100 105 110 115 120

m^ [GeV] n^t [GeV]

Figure 25: (cont'd).

-

-BR(h-.xV.)/

" Unl-l.e

-

, , , , l

130/180

130/200

160/160

. . . 1 . , .

I
f

1 —

1 . . . .

— .1 -

, . , , 1

BR(A-.xV.)

!, 1 , . , ,

«0 70 80 90 100 80 70 80 90 100

Figure 26: Branching ratios for h, A decays into pairs of the lightest neutralino for a set of SU2
gaugino and higgsino mass parameters not excluded by LEPl/1.5. If y^ is the LSP and if R
parity is unbroken, these decays lead to invisible final states.

408



(48)

(49)

These decays of the Higgs particles are invisible if x° is stable. The Higgs particle h can still
be observed in the Higgs-strahlung process through the recoiling Z at small to moderate tan /?
where this production channel is dominant. However, the pseudoscalar Higgs boson A cannot
be detected if, produced in associated Ah production, both particles decay into invisible XiX?
channels for small to moderate values of tan/3.

Since for large tan j3 the bb decays of the h and A Higgs bosons are overwhelming, tan /3
needs to be small to moderate for x? decays to be relevant. Typical examples of large branching
ratios for h,A Higgs decays to LSP pairs are shown in Fig.26 for a set of SU2 gaugino and
higgsino mass parameters M2 and ft. The LSP masses can be read off the threshold values.
The branching ratios are large whenever the LSP decay channels are open for /t > 0. For /i < 0
the LSP decays play a less prominent role; only in a small window close to fi ~ —Mij% are the
couplings large enough to allow for invisible h and A decays [115].
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3.3 The Experimental Search for the Neutral Higgs Bosons

3.3.1 Searches in the Higgs-strahlung Process

For the e+e~ —» hZ process, as well as for e+e~ —» HZ when kinematically allowed, all the
analyses [58] developed for the standard model Higgs boson and presented in Section 2.3 can
be used with no modifications and with a similar efficiency, provided that the Higgs boson
decays into supersymmetric particles, such as charginos and neutralinos, are not open. As soon
as the decay into a pair of LSPs (Lightest Supersymmetric Particle) h —+ XX ' s allowed, it may
even become dominant therefore rendering the existing analyses ineffective.

Two new selection algorithms were developed by ALEPH to take care of this particular
situation where the Higgs boson would decay invisibly, for the following events topologies:

(i) the acoplanar lepton pair topology, (Z —* e+e~,/t+/t~) (h —• xx)i

(ii) the acoplanar jet topology, (Z —> qq) (h -+ xx)-

Only minor modifications to the selection procedure would be needed to extend the validity of
these analyses to "almost invisible" Higgs boson decays, such as h —• x'x o r X+X~ when the
mass difference between the LSP and the next-to-LSP is small.

a) Search in the Acoplanar Lepton Pair Topology

The acoplanar lepton pair topology arises when the Z de-
cays into a pair of leptons and the Higgs boson h decays
invisibly into a pair of neutralinos. Events can be selected
by requiring a high mass e+e~ or fi+fi~ pair, compati-
ble with the Z hypothesis and with large missing energy
and missing mass. Events from e+e" —> l+l~(f), Ze+e~
or 77 —» l+t~ are characterized by a large missing mo-
mentum along the beam direction and a small acopla-
narity angle, and can therefore easily be rejected. The
only irreducible background sources are e+e~ -+ WW —*
evev,fii>(iv, e+e~ —»ZZ —• e+e~uu,n+fi~i/u, and to alesser
extent e+e~ —• ZfP.

X

z ->

An efficiency of 45 to 50% was achieved independently of mi,. The lepton momenta were
subsequently fitted to the Z mass hypothesis, and the missing mass calculated from the energy-
momentum conservation as recoiling against the lepton pair, with a typical resolution of
2 GeV/c!. Shown in Fig.27 are the mass distributions obtained with 500 pb"1 at 175 and
192 GeV, for several Higgs boson masses. At 192 GeV, and for my, = 90 GeV/c2, the numbers
of signal and background events expected in a window of ±2<r around the reconstructed Higgs
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boson mass are 6.2 and 6.1 respectively, assuming a 100% branching fraction into invisible final
states.

b) Search in the Acoplanar Jet Topology

In order to add to the numbers of signal events expected from
the acoplanar lepton pair topology, the hadronic decays of the
Z were also investigated. A very similar selection procedure as
in Section 3.3.1a) was developed, in which the two hadronic jets
played the role of the leptons. A similar selection efficiency was
achieved, but with a much higher background from e+e~ —» WW
and (e)fW in particular, due to the much worse jet-jet invariant
mass resolution. A b-tagging requirement may or may not be
applied to reduce the background (at the expense of a 80% loss
of efficiency), with almost no consequences on the minimum
luminosity needed for the discovery or the exclusion.

Z ->qq

Shown in Fig.28 are the mass distributions obtained in the same configurations as in Fig.27,
when a tight b-tagging criterion is applied. At 192 GeV, and for mj, = 90 GeV/c2, the num-
bers of signal and background events expected are 7.7 and 4.9 respectively, assuming a 100%
branching fraction into invisible final states.

3.3.2 Search in Associated Pair-production e+e —» Ah

The e+e~ —* hA associated production leads to two main final states, bbbb in 83% of the cases
and r+T~qq in 16% of the cases, if supersymmetric decays are absent.

a) The bbbb Topology

This four-jet final state is similar to the four-jet topology arising from the Higgs-strahlung
process, and a similar selection procedure can therefore be applied. Here, the Z mass constraint
cannot be used, and the requirement of incompatibility with a WW final state must be removed
to retain a sizeable efficiency for the case mh = m^ ~ 80 GeV/c2. However, since the b-quark
content is much higher in this four-b-jet topology than in the Higgs-strahlung process, a much
tighter b-tagging criterion can be applied. In terms of background rejection, this may even
over-compensate the removal of the two previous requirements while keeping a high efficiency,
varying between 10 and 35%.

The four-jet energies and directions can then be fitted to satisfy the total energy-momentum
conservation constraint in order to achieve a good mass resolution. Shown in Fig.29a are the
distributions of the sum of the fitted mh and m^ values as obtained in the ALEPH detector with
an integrated luminosity of 500 pb"1 at 175 GeV, for tan/3 = 10 and mA = 65 and 75 GeV/c2.
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Figure 27: Distribution of the missing mass recoiling against the e+e~ or fi+fi~ pair, in the
acoplanar lepton pair topology, as obtained from the ALEPH simulation at 175 GeV (left)
and 192 GeV (right), with an integrated luminosity of 500 pb'1. The signal (in white) is
shown on top of the background (shaded histogram), with Higgs boson masses of 60 (dashed),
70 (dotted) and 80 (dash-dotted) GeV/c2 at 175 GeV, and 70 (dashed), 80 (dotted) and 90
(dash-dotted) GeV/c2 at 192 GeV.
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requirement is applied.
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The same distributions as seen by OPAL are shown in Fig.29b with 500 pb"1 taken at 192 GeV,
for mh = TOA = 70 GeV/c2. Since for large tan/3 values the h and A masses are expected to be
close to each other, the mass resolution is expected to improve by imposing this mass equality
in the fit procedure. This was done by DELPHI for mh = mA = 79 GeV/c2 at 192 GeV, and
the result is shown in Fig.30a for an integrated luminosity of 300 pb"1. Finally, the distribution
of 77ih vs m-A that would be obtained in L3 in the mass configuration (60 GeV/c2, 80 GeV/c2) if
the signal cross-section amounted to 0.5 pb is shown in Fig.30b at 190 GeV, for an integrated
luminosity of 1 fb"1.
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L-5OOpb-'

MA-Mh -70GCV

[ • Ah signal
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ZZ
ww
f f

100 120 140 160 180 200

(GeV/c )

from ALEPHFigure 29: Mass distributions obtained in the hA —* bbbb topology, (a)
(175 GeV, 500 pb'1); and (b) mh + mA from OPAL (192 GeV, 500 pb-1).

b) The T + T - b b Topology

For this topology, the same analysis as for the Higgs-strahlung process was used by ALEPH and
DELPHI (with the exception that the very last fit intended to improve the T+T~ and hadronic
mass resolution with the TOZ constraint does not apply). The background level is already very
low, except when mh and mA are close to mz in which case the ZZ background can be reduced
by tagging b-quarks. In this configuration, however, the signal is expected to have a very low
cross-section except at the highest possible center-of-mass energy, i/s = 205 GeV. Altogether,
when added to the preceding one, this analysis increases the selection efficiency of the hA
channel by about 20%.

c) The Case h or A —> XX

If either h or A decays predominantly into xXi the relevant topology becomes that of an
acoplanar jet pair, as already described in Section 3.3.1b). However, the pair of jets is actually
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a pair of b-quarks in that case, therefore improving
criterion with respect to the e+e~ —» hZ configuration.

the selection efficiency of a b-tagging

In the unfortunate situation where both h and A predominantly decay into a pair of LSPs,
the resulting final state becomes totally invisible and cannot be found at LEP2. However, in
that case, there is a fair chance to discover the lightest supersymmetric particle via a direct
neutralino search.

3.4 Discovery and Exclusion Limits

Using the definitions of Appendix 5.3, a minimum signal cross-section was inferred for the
e+e~ —• hA process from the expected number of background events, both for the discovery
and the exclusion. Since the background mass distribution is mostly uniform over the (mh,mA)
plane, it turns out that this minimum signal cross-section does not depend on mh and mA. For
instance, at 192 GeV and with an integrated luminosity of 150 pb~ l, a cross-section in excess
of 65 (30) fb can be discovered (excluded) in the e+e
decays are closed.

hA channel when supersymmetric

For the Higgs-strahlung process, the total cross-section is reduced with respect to the stan-
dard model expectation by a factor denoted sin2(/3 — a) in the MSSM. The number of events
expected is also directly affected by the branching ratio of the h decay into bb. For each m-h,
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a minimum value for R2 = sin2(/3 - a) x BR(h —> bb) was inferred for the discovery and the
exclusion. The result, which is model-independent, is shown in Fig.31 for the three center-of-
mass energies 175, 192 and 205 GeV, with integrated luminosities of 150, 150 and 300 pb"1,
respectively [58]. The interpretation of the negative searches at LEP1 (from Ref.[117]) is also
shown in this plot.

Since this limit becomes irrelevant when supersymmetric decays are dominant, it is supple-
mented by the 95% C.L. upper limit on R2 = sin2(/3 — a) x BR(h -* invisible final states),
as shown in Fig.32.2 At LEP2, this limit is worse by about a factor of two than in the case
where h predominantly decays into bb, while it was better at LEP1. In order to make easier
the use of these curves to test other models, such as non-minimal supersymmetric extensions of
the standard model, the exclusion and discovery limits on R2 = sin2(/3 — a) x BR(h. —> bb) are
presented in Table 15, for the three center-of-mass energies, and when combining the results at
175 and 192 GeV, on the one hand, and with the 205 GeV results in addition, on the other.

To interpret these results in the MSSM framework, both the e+e~ —• hA cross-section and
the sin2(/3—a) value were computed and compared to the above minimum values in a systematic
scan of the (mA, tan/3) plane, for Mt = 175±25 GeV/c2 and for the three different stop mixing
configurations, (i) No mixing: At = 0 and |/t| < Ms; (ii) Typical mixing: At - Ms and
li = —Ms (these values of At and fi give a moderate impact of the stop mixing for large tan/3
but a mixing effect close to maximal if tan/3 is small); and (in) Maximal mixing: At = VEMs
and \n\ < Ms, with Ms = 1 TeV.

The results of the above analysis are summarized in a series of figures (Figs.33 and 34),
which display the areas in the (mA,tan/3) and (mh,tan/3) planes that can be covered for a
given energy of LEP2, sfs = 175,192 and 205 GeV at the integrated luminosities 150, 150
and 300 pb"1, respectively. The top-quark mass and the stop mixing parameters are varied as
specified above. The figures are obtained by combining the four LEP experiments. At ^/s= 175
GeV, an increase in luminosity beyond 150 pb"1 does not improve the potential of the machine
for the discovery of the light Higgs boson in any relevant way. The analogous conclusion was
reached in the standard model case. At */s= 192 GeV, still 150 pb"1 of integrated luminosity
per experiment are sufficient to make proper use of the discovery potential of the machine, and
a larger luminosity of ~ 300 pb"1 gives only a slight improvement in the upper bound on the
Higgs boson mass which can be discovered or excluded. Although for any center-of-mass energy
the variation from 150-200 pb"1 to 300-400 pb"1 of integrated luminosity yields a gain of at
most 2 to 3 GeV/c2 in the maximal Higgs boson mass that can be reached, at ^/s = 205 GeV
the results are presented for 300 pb"1 since for this energy value the increase in luminosity
translates into a quite impressive coverage of tan /?.

Comparing the experimental limits for the center-of-mass energies 175 GeV and 192 GeV,
Fig.33 a/b and c/d, it is clear that the higher energy value allows a remarkably larger part of
the parameter space to be covered. For Mt = 175 GeV/c2 and in particular for *fs = 175 GeV,

'Since this analysis was done in ALEPH only, it was assumed that the other experiments would contribute
in the same proportions as for the visible decays to perform the combination.
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Figure 31: 95% C.L. upper limits on R2, as a function ofm^ for a visible Higgs boson, for the
three center-of-mass energies: R2 = sin2(/3 — a) x BR(h —» any visible final state) for the LEP1
part of the curve and R2 = sin2(/3 - a) x BR(h —> ii) for the LEP2 part of the curve.

20 40 60 80 100

m, (GeV/c*)

Figure 32: 95% C.L. upper limits on R2, as a function of m^ for an invisible Higgs boson, for
the three center-of-mass energies: R2 = sin2(/3 — a) x BR(h —• any invisible final state).
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Table 15: Minimum value for R2 = sin2(/3 - a) x BR(h -+ 46) at the three center-of-mass
energies, with integrated luminosities of 150, 150 and 300 pb~x, respectively, and for various
Higgs boson masses. Also shown is the combination of the 175 GeV and 192 GeV results, with
an integrated luminosity of 150 pb~l taken at each energy, and the overall combination of the
175, 192 and 205 GeV results, assuming 300 pb'1 at 205 GeV. The combination of several
center-of-mass energies have not been used in Fig.SS and 34-

mH(GeV/c2)
Exclusion
Discovery

mH(GeV/c2)
Exclusion
Discovery

mH(GeV/c2)
Exclusion
Discovery

mH(GeV/c2)
Exclusion
Discovery

mH(GeV/c2)
Exclusion
Discovery

40
0.055
0.136

40
0.057
0.142

40
0.038
0.095

60
0.109
0.270

50
0.044
0.111

50
0.066
0.164

50
0.067
0.163

V

60
0.085
0.207

V

60
0.080
0.197

5 = 175

70
0.120
0.303

^ = 1 9 2

70
0.103
0.249

Combination of 175

50
0.045
0.113

70
0.127
0.315

60
0.056
0.139

V

80
0.162
0.404

Combination

60
0.053
0.132

70
0.068
0.168

70
0.076
0.190

^ = 205

90
0.196
0.490

of 175, ]

80
0.101
0.252

GeV

75
0.153
0.381

GeV

80
0.154
0.385

1 and 192

80
0.129
0.317

GeV

100
0.207
0.510

80
0.252
0.620

90
0.242
0.584

GeV

90
0.242
0.584

105
0.222
0.539

L92 and 205 GeV

90
0.155
0.370

100
0.207
0.510

82
0.369
0.963

95
0.316
0.781

95
0.316
0.781

110
0.315
0.785

105
0.222
0.539

83
0.525

97
0.387

97
0.387

111
0.375

110
0.315
0.785

84
0.842

98
0.447

98
0.447

112
0.481

112
0.481

417

4
10 |-

, U
(a) 05% C L axeluflon centoufv

50 100 150 200 250 300 350 400

* *, /

10

(t)

A « 175 CM-

Jyplcol mtiJri j [

j

95X CX. axeltjtlon centoufi :

. . . . £o Diseoveiy contour

50 100 150 200 250 300 350 400

Figure 33: Exclusion and discovery limits in the [mAjtan/3] plane for each of the center-of-mass
energies, varying the values of the stop mixing parameters as specified in the text (a, c and e)
and varying the values of Mt= 150, 175, 200 GeV/c2 for A = -/i = Ms = 1 TeV (b, d and f).
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Figure 33: (cont'd)
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Figure 33: (cont'd)
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Figure 34: Exclusion and discovery limits in the [m^,tan/3] plane, for Mt = 175 GeV and
A = — (i = Ms = 1 TeV for each of the center-of-mass energies. The dark shaded areas are
excluded theoretically.

421

I

(c)

20 40 80 100 120
m.CG.V/c1)

Figure 34: (cont'd)

the potential of LEP2 is rather limited at large n u , while for 192 GeV it is possible to cover the
moderate and large vnA for small tan ,3, tan /3 < 2 — 3 (which is a difficult region for LHC). This
is especially obvious if non-negligible mixing in the stop sector is considered. For large values of
mA) the limit of the standard model Higgs boson is approached (light gaugino channels are not
considered to be open) and the lightest CP-even Higgs boson acquires its maximal value. Since
the maximal value of TOh increases with tan/3, the range in tan/3 covered by LEP2 directly
reflects the range of standard model Higgs boson masses accessible to the experiments.

It is interesting to compare the upper limits on TOh which can be reached experimentally,
Table 16 and Fig.34, with the maximal h masses expected in the MSSM. In particular, if the
experimental limits are compared to the h mass range preferred by gauge and b-r Yukawa
coupling unification, for Mt ^ 175 GeV/c2 it can be seen that a large part of the SUSY Higgs
mass range is covered in the 192 GeV version of LEP2, in contrast to the lower energy of
175 GeV. In fact, the infrared fixed point solution can be excluded at the 95 % C. L. at ,/s =
192 GeV if Mt < 175 GeV/c2. (For Mt ^ 185 GeV/c2 the infrared fixed point solution can be
excluded only at ^/s =205 GeV.)

3.5 MSSM vs. SM

No precise experimental analyses have yet been developed to cope with the situation in which
a Higgs boson would be discovered and thus would need to be studied in detail. This can be
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Table 16: Maximal nth (hZ and hA combined) and TO A (hA only), in GeV/c2, that can be
directly discovered and excluded in the MSSM for Mt = 175 GeV/c2 and typical mixing at
various LEPS energies for two representative values o/tan/3 (* These values ofm^ are already
excluded theoretically in the MSSM for typical mixing, Ms = 1 TeV and for the values of Mt

and tan/3 considered here).

y/i
(GeV)

175
192
205

Lmin

(pb"1)

150
150
300

tan/3

mh*'
e-

80
95
108-

= 2

mk
di'c-

75
78
80

tan/3

77
82
88

= 30

77
82
88

tan/3

84
98
113'

= 2

TOA'"'-

82

87

93

tan/3 =

mh'
xcl- m

83
88
95

30

x"d-

83
88
95

partly explained by the relatively low luminosity currently expected at LEP2 which will not
allow any accurate measurements to be performed in this field. It could however be imagined
that if a new particle were discovered, a substantial extension of the LEP2 project could be
decided upon with the purpose of identifying this particle.

The angular distribution of the Eiggs boson produced in the Higgs-strahlung process is
expected to be quite uniform at the LEP2 center-of-mass energies, and so is the angular dis-
tribution of the decay products in the Higgs boson rest frame. Even in the most difficult case
roh ~ mz, the numbers of events collected by the four experiments with 1 fb"1 taken at 192 GeV
(323 events from the signal and 255 from the backgrounds, see Table 9) suffice to exhibit the
flatness of these distributions, and to characterize unambiguously a Jp = 0+ particle.

Such an excess of events after a b-tagging requirement is also sufficient to claim that this
object often decays into bb, which also characterizes a Higgs particle. However, a precise
measurement of the bb branching fraction can only be done with a channel in which the
evidence for a signal can be claimed without b-tagging, i.e. the H.t+t~ topology. This situation
is particularly favourable if the Higgs boson mass is not degenerate with the Z mass, in which
case the background is much reduced thanks to the excellent recoil mass resolution.

For instance, the cross-section for a 80 GeV/c2 Higgs boson at y/s — 192 GeV in the W+l~
topology is 47 fb (after selection cuts, but with no b-tagging requirement), to be compared to
14 fb for the background. This already allows a measurement of the bb branching fraction (if
close to 100%) with a ~ 20% statistical accuracy, if a luminosity of 1 fb"1 is given to each
experiment. Similarly, the quantity <r(e+e" —>hZ) x BR(h —» bb) can be determined with the
same luminosity from the events collected in all the topologies with a statistical accuracy of
~ 5% (resp. 10%) for a 80 GeV/c2(resp. 90 GeV/c2) Higgs boson.

Unfortunately, even if the systematics uncertainties were negligible (e.g. the errors related
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to the b-tagging efficiency determination) this is not sufficient to distinguish the standard
model and the MSSM in the region where only the Higgs-strahlung process plays a role. In
this region, a statistical accuracy better than 1 or 2% is indeed required [118] to achieve this
goal. The extension of the standard model would be manifested in this parameter range only
if non-standard Higgs boson decays were observed. It is otherwise only in the region where the
e+e~ —» hA process or, less likely, charged Higgs bosons (see Section 3.6) can be discovered,
that this distinction is possible at LEP2.

3.6 Search for Charged Higgs Bosons

In the MSSM the mass of the charged Higgs bosons H* is expected to be larger than m w . In
general, for non-extreme stop mixing configuration, it is of the order of mH±2 = TOA2 + "*w j
i.e. larger than ~ 90 GeV/c2 within a few GeV/c2, rendering rather difficult the discovery of
such heavy objects at LEP2. However, this does not hold necessarily in other, e.g. non-minimal
supersymmetric extensions of the Standard Model where light charged Higgs bosons - although
heavier than 44 GeV/c2 as shown by LEP1 data - cannot be ruled out. Their discovery would
unambiguously signal the existence of an extended Higgs sector.

3.6.1 Production and Decays

Charged Higgs bosons are produced in pairs in the process e+e~ —> H+H" with a rate depending
only on mH± in the general two-doublet model. About 100 such events are expected to be
produced with an integrated luminosity of 500 pb"1 for mH± ~ 70 GeV/c2, irrespective of the
center-of-mass energy from 175 to 205 GeV, and this rate decreases rapidly with increasing
mass due to the /33 kinematic suppression factor.

Furthermore, if it is assumed that the cascade decay modes [95] like H+ -> W+*h are
kinematically suppressed, the charged Higgs bosons are expected to decay predominantly into
the heaviest kinematically accessible fermion pair provided it is not suppressed by a small CKM
matrix element, i.e. H+ —> r+vT or cs. Therefore the expected final states are T+I/TT~UT, CST~VT

and cscs, thus leading to an important irreducible background from e+e~ —> W+W~ in addition
to the low expected signal rate. This renders almost hopeless the discovery of charged Higgs
bosons with mass around and above the W mass.

Searches for these final states have been developed by L3 [119] and DELPHI [64], using full
detector simulation of signal and background processes for an integrated luminosity of 500 pb .
A search for the four-jet final state cscs has so far been developed by L3.

a) The e+e" -> H + H " -> cscs Channel

The process e+e~ -» H+H" -> cscs leads to four-jet hadronic events. In order to distinguish a
Higgs signal from the main background of e+e" -* qq and W+W", use is made of the different
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topological properties. The simulated hadronic energy deposits are clustered into four jets.
For example at \/» = 175 GeV, for 60 and 70 GeV/c2 Higgs signals, 75% and 69% selection
efficiencies are expected respectively. The numbers of expected background events are: 3140
qq, 4664 WW, and 90 ZZ for 500 pb"1.

The four jets can be combined into two jet-pairs in three possible ways, and their ener-
gies and directions are fitted to the energy-momentum conservation and to the mH+ = mH-
constraint. The combination with the smallest x2 is chosen, provided that the measured mass
difference between the two jet-pairs is smaller than 5 GeV/c2, and a mass resolution of about
1 GeV/c2 is achieved. Unlike the hA —» bbbb channel, no b-tagging requirement can be ap-
plied to reject the WW —» four-jet background, but the signal-to-noise ratio is improved by
removing events where one jet pair combination is consistent with a W pair, at the expense of
a suppression of the signal efficiency when mH± ~ mw-

For mH± ~ 60 GeV/c2, the expected signal efficiency is about 7% and the number of
background events is about 2 qq and 3 WW events, for an integrated luminosity of 500 pb"1

at y/i = 175 GeV.

b) The e+e" -> H + H " -> csr"i/T Channel

The signature of an e+e~ —* H+H~ —* csr~ur signal is one isolated slim jet with missing energy
coming from the T decay recoiling against a hadronic system. In the DELPHI analysis, a
preselection of hadronic final states is performed, and the events are clustered into three jets.
The lowest multiplicity jet, i.e. the r candidate, is required to have at most three charged
particle tracks. Further cuts on the mass and on the angle between the two most energetic
jets are applied to reject events without a clear 3-jet topology. A kinematic fit of the neutrino
direction and the r momentum (four unknowns) is performed by constraining the TV and cs
systems to have the same invariant mass and the total energy-momentum to be conserved (five
equations). A x* c u t ' s applied to improve the signal-to-noise ratio. This retains from 16% to
29% of the signal events, depending on the H* mass and approximately 38 background events
remain for 500 pb"1 at 175 GeV.

In the L3 analysis, the kinematic fit is replaced by the following approximate method:

(i) the missing momentum, Pnu«»> the missing energy, E^^,, and the invariant mass of the
two most energetic jets, AfCB, are calculated. In order to improve the mass resolution, this
mass is rescaled by the factor ^be«m/(^jeti + £jet2);

(ii) for the other hemisphere, the invariant mass M2
V —

calculated, where pT is the visible r momentum.
^ + ET)2 — + jfT)2

The reconstructed masses of Mc, and AfTI/ are shown in Fig.35. Cuts as given in the figure are
applied. The expected signal efficiencies are about 5.6% and about 2 WW background events
are expected for 500 pb"1 at 175 GeV.
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Figure 35: Left: Schematic reconstruction of both invariant masses Mc, and MTU in the csrv
channel. For details see text. Right: Reconstructed invariant masses of Mc, and MTV in the LS
analysis for a 60 Ge V/c2 Higgs signal and background events in the csrv channel for 500 pb'1

at 175 GeV.

c) The e+e" - • H+H" -> T+VTT-UT Channel

The e+e" H+H~
large missing energy. The background processes e+e
relevant in this channel.

~vT events are characterized by a low particle multiplicity and
T+T~(J), qq, WW and 77 —• ff are

After applying selection criteria based on the acoplanarity, the total energy and the event
thrust axis angle, the main remaining background comes from leptonic WW decays. Unlike
the two other channels, a reconstruction of the Higgs boson masses is not possible because of
too many unknowns due to the numerous missing energy sources. However, the energies of the
decay products of the two taus can be measured, and part of the W decays into eve and \iu^
can be removed by a cut on these two energies, which are expected to be larger in that case
than for ruT final states due to the additional neutrinos from the T decay.

The expected signal efficiencies are about 12% and about 1 WW background event is ex-
pected in the L3 analysis for 500 pb"1 at 175 GeV. For DELPHI, a 23% signal efficiency is
achieved, for a total of 85 background events expected.

3.6.2 Results

In the framework of a general two Higgs doublet model, the results of this analysis can be
expressed as a function of Br(H+ —> T+I/T) (if it is assumed that off-shell decay modes are
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Figure 36: 3o~ sensitivity regions as a function of the charged Higgs boson mass and its leptonic
branching ratio at 175 GeV and for a total luminosity of 100, 200, and 500 pi"1 . The upper
solid lines indicate the sensitivity limits from the TUTU channel, the dashed lines come from the
csru channel, and the lower solid lines come from the cscs channel. (For simplicity, combined
contour lines in overlapping sensitivity regions are not shown.)

suppressed) and of mH±. Combining the studies in the cscs, csr~i/r, and r+i>TT~i>T channels
described in the previous sections, the regions which can be explored with \/s = 175 GeV are
shown in Fig.36 for luminosities of 100, 200, and 500 pb"1 taken by one experiment. (These
numbers would be roughly divided by four if the four LEP experiments were combined.)

Except for branching ratios into TVT near 0 or 1, all three channels contribute simultaneously
which extends the sensitivity range by few GeV/c2. Charged Higgs bosons with masses up to
about 70 GeV/c2 should be detectable independently of their decay branching ratios assuming
a total luminosity of 500 pb"1 at 175 GeV. The region where a 99.73% CL (3<r) effect due
to H+H~ production can be detected is strongly dependent on the assumed luminosity. The
boundary lines also depend strongly on the detection sensitivities due to the small change of
the charged Higgs boson production cross-section with different mH±. The expected variations
of the number of background events for different Higgs masses is taken into account in the
figure. The effect of increasing the center-of-mass energy to about 200 GeV is small since only
a small change of the production cross section is expected.

The background at LEP2 from WW production with identical decay modes as for the
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charged Higgs bosons can be controlled. Irreducible background only occurs if mH± ~ r»w
For leptonically decaying Higgs bosons, masses can however be explored up to about TOW due
to the small branching fraction of the W boson into rvT.

To summarize, LEP2 has a good potential for a charged Higgs boson discovery already in
its first phase at 175 GeV [well beyond the current mass limit of LEP1 of 44 GeV/c2] as soon
as a sufficient luminosity of about 200 pb"1 is collected. Even with an increase of the machine
energy to around 200 GeV, it is extremely difficult to explore the kinematic region around
and above mw because of the large irreducible background from WW production and the low
production cross section.

3.7 Complementarity between LEP2 and LHC

As with the SM Higgs boson, it is an important task to compare the Higgs discovery potential of
LEP2 with the potential of LHC for the minimal supersymmetric standard model MSSM [120].
The comparison will b*> based again on the LEP energy yfs = 192 GeV with an integrated
luminosity of JC = 150 pb"1 per experiment [yet all four experiments combined] and the
presumably ultimate integrated luminosity JC = 3 x 105 pb"1 of LHC, with the results from
ATLAS and CMS combined.

The lightest of the neutral scalar Higgs bosons h can be produced at the LHC in gluon-
gluon fusion [56, 72], and through Higgs-strahlung off W bosons [74] and top quarks [121].
This Higgs particle will be searched for in the 77 and bb decay channels. Tagging leptonic W/Z
and t decays provides an experimental trigger for the bb search, but also reduces considerably
the huge backgrounds from non-fe jets. The area of the [m^, tan/3] parameter plane in which
the light scalar Higgs boson h can be discovered in this way at the LHC is shown in Fig.37 by
the shaded regions [122]. The boundary of the LEP2 discovery range is indicated by the full
line. No method has yet been found which allows the discovery of h in the parameter range of
large tan/3 > 5 and VHA between ~ 90 and ~ 170 GeV at either of the two machines.

While the area in which the pseudoscalar Higgs boson A can be discovered at LEP is
rather modest, a large domain is accessible at LHC, Fig.38. A clean signal of A comes from
T+T~ decays; in addition, cascade decays A —» Zh with subsequent leptonic Z decays provide
promising search channels. The search for A in tt decays requires the theoretical control of
the top background production at a level between 10 and 2% which is an extremely difficult
problem. A similar picture applies to the search for the heavy scalar Higgs particle H at the
LHC, cf. Fig.38. In particular, the classical four-lepton decay of H via ZZ intermediate states
can be exploited. At LEP2 the heavy Higgs H might be produced only in a small region of the
MSSM parameter range. The search for charged MSSM Higgs particles is frustrated in either
machine. While the LEP2 energy is not sufficient to produce these particles pairwise outside
a tiny domain of the MSSM parameter space, the search technique at the LHC is restricted so
far to t —> bH+ decays with a rather limited range in the charged Higgs mass.
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Figure 37: The regions in the /m,i,tan/3/ parameter space in which the lightest CP-even Higgs
boson h can be covered at LEP2 (Higgs-strahlung and associated production for 150 pb~l at
y/l = 192 GeV) and at LHC (77 decay channel in direct production and associated Wh,tih
production for 3 x 10lpb~1 and 3 x lO'po"1, 66 decay channel in associated Wh,tth production
for 3 x 104p6-1, and H -+ hh -» 6677 decay channel for 3 x ltfpb-1). Parameters: Mt = 175
GeV, A = 0, |/i| <C Ms = 1 TeV, but the masses of all supersymmetric particles are set to
1 TeV. (Courtesy of D. Froidevaux and E. Richter-Was)

The predictions for the LHC have to be considered with some caution. The computation
of the Higgs spectrum and couplings have been treated in analogy to the LEP2 simulations;
however, the masses of all SUSY particles have been assumed heavy. Since the couplings in
the gg fusion cross sections as well as in the 77 branching ratios for h decays are generated
by loops, this channel could be affected strongly by light charginos and stop particles [123].
Depending on the point considered in the SUSY parameter space, the variation of (TXBR through
SUSY-loop effects can go either way, enhancing or spoiling the Higgs signal. The problem of
SUSY loop corrections is much less severe in search channels which are based on reactions
realized already at the Born level, as Wh at the LHC, and all the search channels in e+e~
collisions. A problem of pp collisions are the QCD corrections. They are known for the signal
in gg fusion [72], but not for all background processes; the assumption that significances are
estimated in a conservative way by setting K factors to unity is expected to be fulfilled in large
parts of the SUSY parameter space, but this is not guaranteed yet for large tan/?. Moreover,
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Figure 38: The regions in the /mx,tan/3/ parameter space which can be covered at LHC in
all possible channels associated with the heavy scalar, the pseudoscalar and the charged Higgs
bosons (parameters as in previous figure). (Courtesy of D. Froidevaux and E. Richter-Was)

if the Higgs bosons do not only decay to SM particles but instead to invisible LSP and other
neutralino/chargino states with potentially large branching ratios [41, 115], the analysis must
be modified and the conclusions would eventually be altered rather dramatically.

Combining the discovery potentials of LEP2 at v ^ = 192 GeV and of LHC by summing up
all Higgs production channels, the entire [rnx, tan/3] parameter plane of the MSSM is predicted
to be covered within the standard framework of non-SUSY Higgs decays [based on the param-
eter set Mt = 175 GeV, Ms = 1 TeV and A,fi < Ms]. The discovery potential of LEP (LHC)
in the search for h increases for smaller (larger) values of Mt, A, ft and Ms which are associated
with smaller (larger) values of TO/,. In the region of m^ values less than about 150 GeV, the
search for h can be performed by LEP2 while the other heavy Higgs particles, H, A and H±,
can be searched for at the LHC. As discussed before, the observation of at least two different
Higgs states, at LEP2 or LHC, is a crucial step in disentangling the supersymmetric theory
from the Standard Model. Moreover, the channels exploited in the search for h are diiferent
at LEP2 and LHC. This implies that the couplings involved will be different and hence the
physics tested in both cases will be complementary.
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4 Non-Minimal Extensions

4.1 The Next-to-Minimal Supersymmetric Standard Model

In this section we shall augment the MSSM by introducing a single gauge singlet superfield N
leading to a model which is referred to as the NMSSM[124].

The classic motivation for singlets is that they can solve the so-called /i-problem of the
MSSM [125] by eliminating the /i-term and replacing its effect by the vacuum expectation
value (vev) < N >— x, which may be naturally related to the usual Higgs vev's < Hi > = i>,-.
However such models in which the superpotential contains only trilinear terms, possess a TL%
symmetry which is spontaneously broken at the electroweak breaking scale. This results in
cosmologically stable domain walls [126] which make the energy density of the universe too large.
This cosmological catastrophe can be avoided by allowing explicit and non-renormalizable %$
breaking terms suppressed by powers of the Planck mass which will ultimately dominate the
wall evolution [127] without affecting the phenomenology of the model. However such terms
induce a destabilisation of the gauge hierarchy [128] due to tadpole contributions to the N mass
in supergravity models with supersymmetry breaking in the hidden sector.

Where does all this leave the NMSSM? This depends on one's point of view. If there might
be some [yet unknown] solution to the domain wall problem, then one can consider models with
TLz symmetry which is broken spontaneously. Another approach is to avoid the domain wall
problem by considering more general NMSSM models without a 2Z3 symmetry. Note that ZZ3
violating terms, such a s a / i term, large enough to avoid the domain wall problem, can still be
sufficiently small as to have no impact on collider phenomenology. These more general models
allow arbitrary renormalizable mass terms in the superpotential including the p. parameter, and
linear and quadratic terms in N. The question of Planck scale tadpole contributions arises in
this case. However, such contributions depend on supersymmetry breaking in a hidden sector
of a supergravity theory, and are hence model dependent.

According to this discussion we shall consider two quite different versions of the NMSSM:

(i) The "General NMSSM" is defined by the following superpotential:

W = -\
3 2

(50)

This version of the model is essentially a generalization of the MSSM, and provides a more gen-
eral realization of low-energy SUSY which is equally consistent with gauge coupling unification
and high precision measurements. It reduces to the MSSM in the limit in which the N field is
removed, and since it does not have a 2Z3 symmetry there is no domain wall problem.

(ii) The "Constrained NMSSM" is defined by the trilinear terms in eq.(50), i.e. fi = /t' = p" = 0,
plus the constraints of gauge coupling unification and universal soft SUSY-breaking parameters
imposed at the unification scale MGUT « 10ie GeV [129, 130].
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4.1.1 The General NMSSM

a) Masses and Couplings

The superfield TV contains a singlet Majorana fermion, plus a singlet complex scalar. The real
part of the complex scalar will be assumed to develop a vacuum expectation value. The singlet
yields one additional CP-even state and one additional CP-odd state which are gauge singlets
but can mix with the corresponding neutral Higgs states of the MSSM, leading to three CP-
even Higgs bosons h1,h2,h3 and two CP-odd Higgs bosons Ax, A?. Although there are more
neutral Higgs bosons than in the MSSM, they will have diluted couplings due to their singlet
components, making their production cross-sections smaller.

The tree-level CP-odd mass matrix, after rotating away the Goldstone mode as usual,
reduces to the 2 x 2 matrix in the basis (A, N) where A is the MSSM CP-odd field,

a = (51)

The entries represented by dots are complicated singlet terms. Unlike the MSSM, the parameter
m\ here is not a mass eigenvalue due to singlet mixing. The CP-odd matrix is diagonalized by
rotating through an angle 7, leading to two CP-odd eigenstates A\,A2 of mass mxl < mx2.

The tree-level CP-even mass squared matrix in the basis (HUH2,N) is

/ m\ cos2 /3 + m2
A sin2 /?

?cos/3
| + m2

t-2A2v2)sin/?cos/3
m l s i n ^ + m^cos2/? (52)

where, as usual, v = 174 GeV, tan/? = vt/vi\ again the dots correspond to singlet terms.
Apart from the terms involving A, the upper 2x2 block of this matrix is identical to the MSSM
CP-even matrix. However, whereas the MSSM matrix is diagonalized by rotation through a
single angle a, the matrix in eq.52 is diagonalized by a 3x3 unitary matrix V, leading to three
mass eigenstates hi,h.2,hz with masses ordered as m^ < TO/,2 < TO/,,.

The singlets obviously cannot mix with charged scalars, and at tree-level the mass of the
charged Higgs is

m2
H± = m2

A+m2
w- A V (53)

Clearly a non-zero A tends to reduce the charged scalar masses which can now be arbitrarily
small, and - in contrast to the MSSM - below the W mass.

We shall define the relative couplings Ri = Rzzhi as the ZZhi coupling in units of the
standard model ZZH coupling, and similarly we shall define a ZhtAj coupling factor RzhiAj •
For example RZZHX is a generalization of sin(/3 — a) and the RzhiAi are generalizations of
cos(/3 — a) in the MSSM. The Zht Aj coupling factorises into a CP-even factor Si and a CP-odd
factor which depends only on the angle 7 which controls singlet mixing in the CP-odd sector.
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It can be shown that the CP-even Higgs bosons in this model respect the following relations
[131, 132, 133]:

m2
hi <

<

= m|cos22/3 + AVsin22/3

1-m-m
(54)

In the case A = 0, A is equal to the lightest CP-even upper mass bound in the MSSM. The
above results show that if Ri ss 0 we may simply ignore hi and concentrate on h} which then
becomes the lightest physically coupled CP-even state and must satisfy m\t < A2. Similarly if
both R\ and ilj are nearly zero, then mj^ = A2.

It can also be shown that

»i, ^
cos2 7

1 — cos2 7
(55)

If the lighter CP-odd state is weakly coupled (cos7 ss 0) then it is mainly singlet, and the
heavier CP-odd state is then identified with the MSSM state of mass m\.

b) Theoretical Upper Limit on A

According to eq.(54), A is clearly a function of tan/3 and A, and to find the absolute upper
bound on the mass of the lightest CP-even Higgs boson we must maximize this function (Amoic).
Radiative corrections, which drastically affect the bound [134], are included using recently
proposed methods [89].

For a fixed tan/3, the maximum value of A is given by the maximum value of A as derived
from the triviality requirement that none of the Yukawa couplings becomes non-perturbative
before the GUT scale of around 1018 GeV. Using the recently calculated two-loop RGEs [130],
we find an upper limit on A as a function of tan/3. The maximum value of A is typically in
the range 0.6-0.7 for a wide range of tan/3, depending on Mt and ots{mz), and falls off to
zero for tan/3 —>«1.5 or 60 because ht or hi,, respectively, is very close to triviality. Having
derived the maximum value of A as a function of tan/3, we can use this information to obtain
an Aft-dependent maximum value of A shown as the upper solid curve in Fig.39. The MSSM
bound is also shown (lower solid curve) for comparison. The dashed line is the corresponding
upper mass bound in the constrained NMSSM (see later).

As well as being the upper bound on the mass of the lightest CP-even Higgs boson, the
parameter A plays an important role in constraining all the CP-even Higgs boson masses and
couplings. Thus the value of A.max, corresponding to the upper solid line in Fig.39, also con-
strains hi and fe3 according to eq.(54).
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Figure 39: Theoretical upper bound on the mass of the lightest CP-even Higgs boson as a
function of Mt. We have used a3(mz) = 0.12, o mean squark mass of 1 TeV, and varied
At and tan /3 in such a way as to maximize the upper bound. The upper solid line is for the
NMSSM and the lower solid line is for the MSSM. As Mt becomes very large the two bounds
become very close, since here ht is always close to triviality and hence A must be small. The
dashed line refers to the constrained NMSSM.

c) Experimental Lower Limits on A

A has a theoretical upper limit given by Amoa: ss 146 GeV. Now we shall discuss how experiment
may place a lower limit on A which we shall refer to as Am;n. The meaning of Am;n is as follows.
For each value of A there are many possible sets of parameters (.RijTO/,;) subject to the bounds
in eq.(54). Each of the three (CP-even) Higgs bosons in each set may or may not be discovered
at LEP, depending on how light it is and how strongly coupled to the Z it is. We can consider
the present R2 — mi, 95% exclusion plots at LEP [119] and classify each of the three Higgs
bosons in each set (for a fixed A) as excluded or not excluded. We may find, for some value of
A, that for all the allowed sets at least one out of the three Higgs bosons is always excluded.
In this case we classify this value of A as being excluded by experiment. We now define ATOjn
as the largest value of A which may be excluded by the LEP data. There will be a different
Amin for each of the expected LEP2 R2 - mh 95% exclusion plots (see Fig. 31 and Table 15).
If Amin exceeds Amax then the model is excluded.

Amin is approximately determined by the "worst case" of all three CP-even Higgs bosons
having equal masses m^ « A, and equal couplings Ri2 %s 1/3. 3 Using this simple approxima-
tion, together with current R2 — mn exclusion limits [119], LEP1 already places a limit on A of
A > Am;n = 59 GeV, which is just equal to the mass limit for a CP-even Higgs boson with its

sThis approximate result is exact in the limit that 95% exclusion is equated to 50 produced events.
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ZZh coupling suppressed by R* = 1/3.

The values of Amin which may be excluded by a future e+e~ collider of a given energy and
integrated luminosity [note that this is total luminosity of all four experiments pooled] are
shown in Fig.40 where exclusion is approximately equated to 50 produced events.

100 120 140 180 180 200 220 240

100 120 140 160 180 200 220 240

root s (GeV)

Figure 40: Excluded values of A at e+e~ colliders with energy y/s.

Focusing specifically on LEP2, we consider energies and integrated luminosities per ex-
periment of y/s = 175, 192, 205 GeV and / £ = 150, 150, 300 pb'1, respectively. Using
the R2 — raj, 95% exclusion plots [135], we find that LEP2 will yield the exclusion limits
Am<n = 81,93,105 GeV respectively, for the three sets of LEP2 machine parameters above.
These excluded values of A (corresponding to R? = 1/3) are not far from the values of SM
Higgs boson masses which may be excluded, due to the steep rise of the exclusion curves in the
R2 — mh plane.

d) Exclusion Limits in the mA — tan/3 Plane

It is possible to obtain exclusion limits in this model in the mA — tan/? plane, rather similar to
the familiar MSSM plots. The excluded regions are obtained from the following three searches:

(i) For the processes Z —* Zhi, we exploit the fact that the upper 2x2 block of the CP-even
mass squared matrix is completely specified (for fixed A) in the m^-tan/3 plane. However,
unlike the MSSM, the CP-even spectrum is not completely specified since it depends on three
remaining unknown real parameters associated with singlet mixing (i.e. the dots in eq.(52)).
Nevertheless, since each choice of these parameters completely specifies the parameters m^ and
Ri, we can scan over the unknown parameters; if the resulting spectrum is always excluded,
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Figure 41: Excluded regions of the General NMSSM with A = 0 (left) and A = 0.5 (right). We
have included radiative corrections by assuming degenerate squarks at 1 TeV, with no squarh
mixing and Mt = 175 GeV. Note the influence of radiative corrections on the charged Higgs
mass for large tan /3 since both ht and hi must be large for such corrections to be important.

then we conclude that this point in the m^-tan/S plane (for fixed A) is excluded. For these
excluded regions we use the available LEP1 and LEP2 R2 — mi, 95% exclusion lines.

(ii) An excluded lower limit on m^, as a function of tan/3 and A in this model comes from
the non-observation of Z —• hfAj. The excluded lower limit on mA in this model is determined
by the "worst-case" values of Tn/^m.*,-, Si,7 consistent with this value of m^. It turns out that
the worst case experimentally is when the three CP-even Higgs bosons all have equal masses
as heavy as possible

ran2 = mA
2 + (mz

2 - A V ) sin2 2/3 (56)

and equal coupling factors, S2 « 1/3, and the two CP-odd Higgs bosons both have masses
equal to m^ and 7 = 7r/4, leading to R2

ZhiA. — 1/6. For these excluded regions we use the
simple approximation that 50 events corresponds to 95% exclusion.

(iii) Finally we shall present excluded regions for charged Higgs production, assuming de-
tection up to the kinematic limit. We note that the charged Higgs signal is the same as in the
MSSM as considered in Section 3.

In Fig.41 we show the excluded regions of this model corresponding to the choice of pa-
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rameter A = 0 4 for the three sets of LEP2 machine parameters y/s = 175, 192, 205 GeV and
fC= 150, 150, 300 pb'1, respectively, and using the LEP1 and LEP2 exclusion data, Fig. 31
and Table 15. In each case the solid lines correspond to exclusion limits from Z —• Zh{ as
obtained using procedure (i) above in the NMSSM, the dashed lines correspond to exclusion
limits from Z —» hiAj as obtained using procedure (ii) above in the NMSSM, and the dotted
lines correspond to the exclusion limits from charged Higgs production using procedure (iii)
above. These exclusion plots should be compared to similar exclusion plots in the MSSM for
Mt = 175 GeV and degenerate squarks at 1 TeV, which are the parameters assumed in Fig.41.

In Fig.41 we also show a similar plot but with A = 0.5. In this case the solid lines have
disappeared beneath the tan/3 = 1 horizon, because for larger A the bound A may be larger,
which allows a heavier CP-even spectrum which is consequently more difficult to exclude. The
charged Higgs and hiAj channels now give improved coverage, however, since larger A decreases
the charged Higgs mass, and also decreases the hi masses for a fixed 5j coupling.

4.1.2 The Constrained NMSSM

As noted in the introduction, the constrained NMSSM is defined by eq.(50) with fi, fi', /i" —• 0
and the condition of universal SUSY-breaking gaugino masses M1/2, scalar masses m0 and
trilinear couplings AQ at MGUT- In addition, the effective potential has to have the correct
properties, i.e. the SU(2) x U(l) symmetry has to be broken by Higgs vev's, but the vev's of
charged and/or colored fields as sleptons, squarks and charged Higgs scalars have to vanish.
Finally, present lower limits on sparticle masses due to direct searches have to be satisfied, and
for the top-quark mass Mt we require values between 150 GeV and 200 GeV.

A priorithe constrained NMSSM has six parameters at MauTi three dimensionless couplings
A, k and ht (the top-quark Yukawa coupling) and three dimensionful ones M1/2, mo and Ao-
The scale set by the known mass of the Z boson reduces the number of free parameters of the
model to five. A scan of the parameter space of the model, which is consistent with all the
above constraints, has been performed in [129] and [130]. Below we present results, relevant
for the Higgs search at LEP2, which are based on the data obtained in [129]. We will discuss
the allowed Higgs masses and couplings within the constrained NMSSM.

First note that neither a CP-odd Higgs boson Aj with sufficiently large coupling RzhtAj
nor a charged Higgs boson can be sufficiently light within the constrained NMSSM in order
to be visible at LEP2. Thus we will concentrate on the neutral CP-even Higgs bosons in the
following. Concerning their decays, it follows that neutralinos are too heavy to play a role,
thus their branching ratios are close to the standard model ones (essentially bb) and the same
search criteria apply.

In general, the upper limit on the lightest Higgs mass as a function of the top-quark mass
4Strictly speaking if A = 0 then there is no singlet mixing. However these curves apply to the case where

A is small (say less than 0.1) and singlet mixing is possible. Such small values of A are always found in the
constrained NMSSM.
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depends on the magnitude of the SUSY-breaking parameters due to radiative corrections to
the Higgs potential. For a gluino mass beyond 1 TeV more and more fine tuning is required
between these parameters; thus Fig.39 shows the upper limit on the lightest Higgs boson within
the constrained NMSSM as a dashed line, for gluinos lighter than 1 TeV.

As noted before, the lightest Higgs boson within the NMSSM can essentially be a gauge
singlet state and thus couple very weakly to the Z boson. Fig.42 (left) shows the logarithm
of the coupling i?i as a function of the mass mi of the lightest Higgs boson. Two different
regions exist within the constrained NMSSM: A densely populated region with Ri ~ 1 and
mi > 50 GeV, and a tail with #1 < (or < ) 1 and mi as small as ~ 10 GeV. Within the tail,
the lightest Higgs boson is essentially a gauge singlet state, which explains the small values

The solid line in Fig.42 (left) indicates (for mi > 60 GeV) the boundary of the region which
can be tested at LEP2 with a maximal cm. energy of 192 GeV and a luminosity of 150 pb"1;
the dotted line corresponds to a maximal cm. energy of 205 GeV and a luminosity of 300 pb"1

[both after combining all experiments [135]]. A large part of the region with Ri ~ 1, but only
a small part of the tail can be tested.

-10 -

90 120 150

Figure 42: The logarithm of the ZZh^2) coupling Ri(2) squared vs. the mass of the lightest
CP-even state h^) in the constrained NMSSM.

Fortunately, as noted above, the second lightest Higgs boson cannot be too heavy if the
lightest Higgs boson is essentially a gauge singlet state [131], [132], [133]. In the region of the
tail of Fig.42 (left), within the constrained NMSSM, the mass of the second Higgs boson fe2

varies between 80 GeV and the upper limit indicated in Fig.39 as a dashed line. Its coupling
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to the Z boson R2 is very close to 1 if Ri < 1. Fig.42 (right) shows the logarithm of the
coupling Ri as a function of the mass m2 of the second lightest Higgs. The tail of Fig.42 (left)
corresponds to the region with iZ2 ~ 1 in Fig.42 (right) and vice versa. Thus, a small part of
the parameter space corresponding to the tail of Fig.42 (left) actually becomes visible at LEP2
through the observation of hj, which behaves like the lightest Higgs boson of the MSSM in this
case.

If a Higgs boson is observed, it will generally be very difficult, however, to distinguish the
NMSSM from the MSSM [130]. This seems only possible if a Higgs boson happens to contain a
sizeable amount of the singlet state (and hence a measurably reduced coupling to the Z boson),
but couples still strongly enough in order to be visible. Finally, the constrained NMSSM could
actually be ruled out at LEP2 if a neutral CP-odd Higgs particle, a charged Higgs particle, or
an invisibly decaying Higgs particle would be observed.

4.2 Non-linear Supersymmetry

Most of the supersymmetric models investigated so far are models based on linearly realized
supersymmetry. However, supersymmetry may as well be realized nonlinearly. Whereas the
linear supersymmetric models require supersymmetric partners for all conventional particles in
the standard model, the nonlinear models do not lead to SUSY partners. Most global nonlinear
supersymmetric models require only one new particle: the Akulov-Volkov field [136], which is
a Goldstone fermion. This Goldstino can be removed by going over to curved space, i.e. to
supergravity, where it can be gauged away. In the flat space limit, the supergravity multiplet
decouples from ordinary matter so that supersymmetry can manifest itself only in the Higgs
sector.

The formalism for extending the standard model to a supersymmetric theory in a nonlinear
way was developed in ref.[137]. Recently, the general form of the nonlinear supersymmetric
standard model has been constructed and the Higgs potential in the flat space limit [138] has
been derived.

The Higgs sector of the nonlinear SUSY models is evidently larger than that of the Standard
Model. It contains at least two dynamical Higgs doublets and an auxiliary Higgs singlet. In the
case that both the dynamical and the auxiliary singlet are included in the theory, the spectra
of Higgs bosons in the nonlinear models resemble those of the linear model with two Higgs
doublets and one singlet (NMSSM). Both models have three scalar, two pseudoscalar Higgs
bosons and one charged Higgs boson pair. However, the structure of the Higgs potential is
quite different between nonlinear models and the NMSSM. For the general nonlinear model,
the complete potential in the flat space limit is given by [138]

\\0H
lTtH2

A,;V|2

*\2
Iff1

(57)
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involving novel types of interactions between the Higgs fields. The two Higgs doublets H1,!!*
and the singlet N develop the vev's vi,vj, and x respectively. The three scalar Higgs bosons
are the eigenstates of the scalar-Higgs mass matrix. In a way similar to the NMSSM, an upper
bound for the mass mx of the lightest scalar Higgs boson Si can be derived at the lowest order,6

= m!(cos2 2/3 + 2AJ sin2 2/3) (58)*»' ^

where A, = Aj/(fl2 + g\). Hence, m^ < mz for Ao < ^/{g\ + gl)/2 at 0.52 and mi < 1.92Aomz

for Ao > 0.52. In the latter case, the upper bound of Ao determines the limit of mi. For
Mt = 175 GeV and with the GUT scale as cut-off scale, one obtains m t < 130 GeV. Even
though at the cm. energies of 175, 192, and 205 GeV for LEP2 the production of Si may be
kinematically possible, the production rate is in general not large enough for Si to be detected.
The main contributions to the production cross sections come from (i) the Higgs-strahlung
process; (ii) the process where Si is radiated off leptons or quarks, and (iii) associated pair
production PjSi, where Pj (j = 1,2) is a pseudoscalar Higgs boson.

Figure 43: Contour lines of the lightest scalar Higgs mass mi (dashed) and of the production
cross section a (full) at ^/s = 175 GeV, as functions of \i,\2 for tan j3 = 6, Ao = 0.3, k =
—0.02, me = 400 GeV. The shaded area marks the parameter region excluded by LEP1, defined
as the region where the production cross section at the Z peak is greater than 1 pb.

We have first searched for parameter regions where the experimental lower limit on mi given
by the LEP1 data is minimal; it turned out that there are regions where even mi = 0 is still

5 In the present exploratory analysis we have neglected the radiative corrections.
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allowed. Fig.43 shows (dashed) the contour lines of m-i and (full) the contour lines of the cross
section <r for the production of Si in e+e" collisions at , /s = 175 GeV, in the Ai, A2 plane for a
representative set of the parameters tan/?, Ao, k and me (me being the charged-Higgs mass).
In the shaded region, the cross section a at \fl •=• mz is greater than 1 pb, which corresponds
to the discovery limit of LEPl for mi fa 65 GeV [135]. This region is excluded by LEPl since
the discovery limit decreases with decreasing m\. The discovery limit at \/s = 175 GeV with
a luminosity of 500 pb"1 is about 50 fb for mi = 80 GeV (about 30 fb for ma - 40 GeV) [135].
Thus the region accessible at LEP2 includes the area in Fig.43 where TOI < 80 GeV and a >
50 fb. As with LEPl, a massless Si could be undetectable.

For some parameter sets, the nonlinear SUSY model may be tested even if the lightest scalar
is undetectable. If the production cross section of Si is smaller than the discovery limit, one
can examine whether the production of the other Higgs bosons is kinematically possible and
whether their production rates are large enough for discovery.

For the higher energies 192 and 205 GeV, the effects are similar to the 175 GeV case.
Though the accessible region increases, an undetectable massless Si Higgs boson is still pos-
sible. Energies of 240 GeV and more are needed to test this nonlinear supersymmetric model
conclusively.

4.3 Majoron Decays of Higgs Particles

There are a variety of well motivated extensions of the Standard Model (SM) with a sponta-
neously broken global symmetry. This symmetry could either be lepton number or a combina-
tion of family lepton numbers [139, 140]. These models are characterized by a more complex
symmetry breaking sector which contains additional Higgs bosons. It is specially interesting
for our purposes to consider models where such symmetry is broken at the electroweak scale
[141, 142]. In general, these models contain a massless Goldstone boson, called majoron (J),
which interacts very weakly with normal matter. In such models, the normal doublet Higgs
boson is expected to have sizeable invisible decay modes to the majoron, due to the strong
Higgs-majoron coupling. This can have a significant effect on the Higgs phenomenology at
LEP2. In particular, the invisible decay could contribute to the signal of two acoplanar jets
and missing momentum. This feature of majoron models allows one to strongly constrain the
Higgs mass in spite of the occurrence of extra parameters compared to the SM. In particular,
the LEPl limit on the predominantly doublet Higgs mass is close to the SM limit irrespective
of the decay mode of the Higgs boson [143, 144].

We consider a model containing two Higgs doublets (^1,2) and a singlet (<r) under the
SU(2)L x U(1)Y group. The singlet Higgs field carries a non-vanishing U{l)i charge, which
could be lepton number. Here we only need to specify the scalar potential of the model:
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h.c] (59)

where the sum over repeated indices t=l,2 is assumed.

Minimization of the above potential leads to the spontaneous SU(2)i x U(l)y x U(\)i
symmetry breaking and allows us to identify a total of three massive CP even scalars Hi
(i=l,2,3), plus a massive pseudoscalar A and the massless majoron J . We assume that at the
LEP2 energies only three Higgs particles can be produced: the lightest CP-even scalar ft., the
CP-odd massive scalar A, and the massless majoron J. Notwithstanding, our analysis is also
valid for the situation where the Higgs boson A is absent [145], which can be obtained by setting
the couplings of this field to zero.

At LEP2, the main production mechanisms of invisible Higgs bosons are the Higgs-strahlung
process (e+e~ -+ hZ) and the associated production of Higgs bosons pairs (e+e~ —* Ah), which
rely upon the couplings hZZ and hAZ respectively. The important feature of the above model
is that, because of its singlet nature, the majoron is not sizeably coupled to the gauge bosons
and cannot be produced directly, thereby evading strong LEPl constraints. The hZZ and hAZ
couplings depend on the model parameters via the appropriate mixing angles, but they can be
effectively expressed in terms of the two parameters e^j f-B'-

C-hAZ = —(

1/2

Z"h d» A

(60)

(61)

The couplings ^A(B) are model dependent. For instance, the SM Higgs sector has £* = 0 and
«B = 1) while a majoron model with one doublet and one singlet leads to CA = 0 and e% < 1.

The signatures of the Higgs-strahlung process and the associated production depend upon
the allowed decay modes of the Higgs bosons h and A. For Higgs boson masses nn accessible
at LEP2 energies the main decay modes for the CP-even state h are 66 and JJ. We treat the
branching fraction B = BR(h —> JJ) as a free parameter. In most models BR is basically
unconstrained and can vary from 0 to 1. Moreover we also assume that, as it happens in the
simplest models, the branching fraction for A —» 66 is nearly one, and the invisible A decay
modes A —* hJ, A —* JJJ do not exist (although CP-allowed). Therefore our analysis depends
upon five parameters: m/,, VIA, ex> eB, and B. This parameterization is quite general and
very useful from the experimental point of view: limits on m*, ro^, ex> eB, and B can be later
translated into bounds on the parameter space of many specific models.

The parameters defining our general parameterization can be constrained by the LEPl data.
In fact Refs.[143, 146] analyze some signals for invisible decaying Higgs bosons, and conclude
that LEPl excludes raj, up to 60 GeV provided that eg > 0.4. Similar results are obtained in
fig.(32).

The bb + jSr topology is our main subject of investigation and we carefully evaluate signals
and backgrounds, choosing the cuts that enhance the signal over the backgrounds. Our goal is
to evaluate the limits on mh, mA, eA, eB, and B that can be obtained at LEP2 from this final
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state. There are three sources of signal events with the topology fT+ 2 6-jets: one due to the
associated production and two due to the Higgs-strahlung.

e+e" -> (Z -» 66) + (h -* JJ)

e+e" - (Z -> vP) + (A -» 66)
e+e" -» (A-*66) + (h-*JJ)

(62)

(63)

(64)

The signature of this final state is the presence of two jets containing 6 quarks and missing
momentum (j*r). It is interesting to notice that for light mj, and mx, the associated production
dominates over the Higgs-strahlung mechanism [146].

There are several sources of background for this topology:

•W[e

—* qq vv
• 9?[«7]
qq' [e]v

+e"e+e
e+e"
e+e- Zvv qq vv

where the particles in square brackets escape undetected and the jet originating from the quark
q is identified (misidentified) as being a fc-jet.

At this point the simplest and most efficient way to improve the signal-over-background
ratio is to use that the A and h decays lead to jets containing 6-quarks. So we require that the
events contain two 6-tagged jets. Moreover, the background can be further reduced requiring
a large jSr. We therefore have imposed a set of cuts which is based on the cuts used by the
DELPHI collaboration for the SM Higgs boson search [63].

Depending on the h and A mass ranges, including or excluding an invariant mass cut
m ± 10 GeV [where m is the mass of the particle decaying visibly] gives better or weaker limits
on the ZhA and ZZh couplings. Therefore, for each mass combination four limits are calculated
(with or without invariant mass cut, with thrust cut or the cut on the minimal two-jet energy)
and the best limit is kept.

We denote the number of signal events for the three production processes (62 - 64), after
imposing all cuts, NJJ, NSM> and NA respectively, assuming that e* = e# = 1. Then the
expected number of signal events when we take into account couplings and branching ratios is

NCXP = 4 [BNJJ + (1 - B)NSM] + t\BNA (65)

In general, this topology is dominated by the associated production, provided it is not sup-
pressed by small couplings eA or phase space. The most important background after the cuts
is Z/fZ/f production. The total numbers of background events summed over all relevant
channels are 2.3, 2.8 and 5.9 for ^/s = 175 , 190 and 205 GeV respectively.

In order to obtain the limits shown in Figs.44-45, we assumed that only the background
events are observed, and we evaluated the 95 % CL region of the parameter space that can
be excluded with this result. By taking the weakest bound, as we vary B, we obtained the
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absolute bound on e.4, «B> and *"/> independent of the h decay mode. The limits on e^ obtained
by searches for the 66 + fT final states are stronger than those obtained from the 6666 topology.
Moreover, the bounds in the limiting case e^ = 0 apply for the simplest model of invisibly
decaying Higgs bosons, where just one singlet is added to the SM. A more complete presentation
of these results will be given in Ref.[147].

4.4 Strongly Interacting Higgs Particle

The radiative corrections at LEP1 depend only logarithmically on the Higgs mass, and the
measurements, although very precise, are not sufficient to determine the structure of the Higgs
sector. It is therefore necessary to keep an open mind to the possibility that the Higgs sector is
more complicated than in the Standard Model. Beyond the Standard Model various extensions
have been suggested. One of the possibilities is supersymmetry which has been previously
discussed. Another possibility is strong interactions in the form of technicolor, which at least
in its simplest form is ruled out by the LEP1 data. Strong interactions in the Standard Model
itself imply a heavy Higgs boson and can presumably be studied at the LHC.

However, the idea of strong interactions is more general. In particular it is possible that
strong interactions are present in the singlet sector of the theory. In general the choice of
representations in a gauge theory is arbitrary and presumably a clue to a deeper underlying
theory. Singlets do not have quantum numbers under the gauge group of the Standard Model.
They therefore do not feel the strong or electroweak forces, but they can couple to the Higgs
particle. As a consequence, radiative corrections to weak processes are not sensitive to the
presence of singlets in the theory, because no Feynman graphs containing singlets appear at
the one-loop level. Because effects at the two-loop level are below the experimental precision,
the presence of a singlet sector is not ruled out by any of the LEP1 precision data.

It is therefore not unreasonable to assume that there exists a hidden sector that affects
Higgs physics only. Such an extension of the Standard Model involving singlet fields preserves
the essential simplicity of the model, while at the same time acting as a realistic model for
non-standard Higgs properties. Here we will study the coupling of a Higgs boson to an O(N)
symmetric set of scalars, which is one of the simplest possibilities introducing only a few extra
parameters in the theory. The extra scalars may give rise to large invisible decay width of
the Higgs particle. When the coupling is large enough, the Higgs resonance can become wide
even for a light Higgs boson. This has led to the conclusion that this Higgs particle becomes
undetectable at the LHC [148]. As one can measure missing energy more precisely at e+e~
colliders than at a hadron machine, LEP2 can give important constraints on the parameters of
the model. However, it is clear that there will be a range of parameters where this Higgs boson
can be seen neither at LEP nor at the LHC.
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a) The Model

The Higgs sector of the model is described by the following Lagrangian,

C = -d^+d't - A(<^> - t)S/2)2

- 1/2 d^d"?- 1/2mV - K/(8N)(<p2)2-w/(2^) tf

where <j> is the normal Higgs doublet and the vector (p is an N-component real vector of scalar
fields, which we call phions. Couplings to fermions and vector bosons are the same as in the
Standard Model. The ordinary Higgs field acquires the vacuum expectation value v/\/2. We
assume that the ̂ -field acquires no vacuum expectation value, which can be assured by taking
u> positive. After the spontaneous symmetry breaking one is left with the ordinary Higgs boson,
coupled to the phions into which it decays. Also the phions receive an induced mass from the
spontaneous symmetry breaking. The factor N is taken to be large, so that the model can be
analyzed in the 1/N expansion. By taking this limit, the phion mass stays small, but because
there are many phions, the decay width of the Higgs boson can become large. Therefore the
main effect of the presence of the phions is to give a large invisible decay rate to the Higgs
boson. The invisible decay width is given by

. .2..2
(66)

Z2irmB

The Higgs width is compared with the width in the Standard Model for various choices of
the coupling u» in Fig.46. The model is different from Majoron models, since the width is not
necessarily small. The model is similar to the technicolor-like model of Ref.[149].

Consistency of the model requires two conditions. One condition is the absence of a Landau
pole below a certain scale A. The other follows from the stability of the vacuum up to a certain
scale. An example of such limits is given in Fig.47, where K — 0 was taken at the scale 2mz,
which allows for the widest range. For the model to be valid beyond a scale A one should be
below the indicated upper lines in the figure. One should be to the right of the indicated lower
lines to have stability of the vacuum.

For the search for the Higgs boson there are basically two channels; one is the standard
decay, which is reduced in branching ratio due to the decay into phions. The other is the
invisible decay, which rapidly becomes dominant, eventually making the Higgs resonance very
wide, Fig.46. In order to find the bounds we neglect the coupling K as this is a small effect. We
also neglect the phion mass. For non-zero values of the phion mass the bounds can be found
by rescaling the decay widths with the appropriate phase space factor. The present bounds,
coming from LEP1 invisible search, are included as a dashed curve in Fig.48 below.

b) LEP2 Bounds

In the case of LEP2 the limits on the Higgs mass and couplings in the present model come
essentially from the invisible decay, as the branching ratio into 66 quarks drops rapidly with

446



m2

10

1

o"

o2

u = 5

f U = 1

u = 0.3

*-r-'""T"i i i

sf>

J SM

/

all) [ GeV ] ;

-

-:

-:

1 1 1 '

60 80 100 120 140 160 180 200 220 240
M, ( GeV )

• ' • • '

A = 10'GeV

10*

— — •

10'

10'

\

Lio:l

MTO. = 1 75 GeV

20 40 60 80 100 120 140 160 180 200
M» ( GeV )

Figure 46: (left) Higgs width in the phion model, in comparison with the Standard Model.

Figure 47: (right) Theoretical limits on the parameters of the model in the w vs. Mg plane.
For a given scale A, the physical region is below the upper lines and to the right of the lower
lines.

increasing y-Higgs coupling. To define the signal we look at events around the maximum of
the Higgs resonance, with an invariant mass m j ± A for A = 5 GeV, which corresponds to
a typical mass resolution. Exclusion limits are determined by Poisson statistics as denned in
Appendix 5.3. The results are given by the full lines in Fig.48. One notices the somewhat
reduced sensitivity for a Higgs mass near the Z boson mass and a looser bound for small Higgs
masses because there the effect of the widening of the resonance prevails. The small u> region
is covered by visible search. There is a somewhat better limit on the Higgs mass for moderate
w in comparison with the u> = 0 case; this is due to events from the extended tail of the Higgs
boson which is due to the increased width.

We conclude from the analysis that LEP2 can put significant limits on the parameter space
of such a model. However there is a range where the Higgs boson will not be discovered, even if
it does exist in this mass range. This also holds true when one considers the search at the LHC.
Assuming moderate to large values of w, i.e. in the already difficult intermediate mass range, it
is unlikely that sufficient signal events are left at the LHC. In that case the only information can
come directly from high-energy e+e~ colliders or indirectly from higher precision experiments
at LEP1.
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Figure 48: Exclusion limits at LEPS (full lines), and LEP1 (dashed). The region where w is
small can be covered by the search for visible Higgs decays.
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5 Appendices

5.1 Higgs-strahlung and WW Fusion

Compact forms can be derived for the cross section of the process [10, 11]

e+e" -• H + vv (67)

by choosing the energy Eg and the polar angle $ of the Higgs particle as the basic variables in the
e+«" cm. frame. The overall cross section that will be observed experimentally, receives contributions
3 x Gs from Higgs-strahlung with Z decays into three types of neutrinos, Gw from WW fusion, and
Gi from the interference term between fusion and Higgs-strahlung for i>tve final states. We find:

i<r(Evv) G\m%p ,„ ,
dEHd cos 6

with
v2 + a?

6s = -Lw±
g _ (t>, + ac)cw

(68)

(69)

[2 - (fc, + l)log j£±T " (

Gw = "f% , -It
(71)

where ae = — 1 and ve = — 1 + 4«^. The cross section is written explicitly in terms of the Higgs
momentum p = (Eg - m^)1/2 , and the energy eu = */s - £ ^ arid invariant mass squared $„ = tj - p2

of the neutrino pair. The expression for Gw had first been obtained in Ref.[10]. The following
abbreviations have been introduced:

r = h\ + fc| + 2cx}

C = log — ±-
s2 = 1 - c2

To derive the total cross section <r(e+e~ —» Hvv), the differential cross section must be integrated
over the region —1 < cosfl < 1 and m ; < E < \\fi (1 + mjj/«).

5.2 Higgs Mass Computation: analytical approximation in the limit
of a common scale Ms and restricted mixing parameters

In this appendix we present the results of the analytical approximation which reproduces the two-loop
RG improved effective potential results in the case of two light Higgs doublets below Ms (ro^ < Ms)
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[89]. The two CP-even and the charged Higgs masses read

2 TrM2 T y / (TrAf 2 )*-4detM 2

mKB) = o

= mA

where

with

TrM2 = M2! + M2
2
2 ; det M 2 = M^Mfj - (jM?a)

 2 ,

f!22 = 2»2[sin/3cos/3(A3 + A4) + A6cos2/3 + A7sin2/3] - m

sin/8 + A6 sin2/3] + m^ sin2/?

sin/3 + A6 cos2/3] + m^ cos2/3.

cos 2o =

The mixing angle a is equally determined by

sin 2a =
2M2

2

^/(TrM 2 ) 2 -4detM 2

The above quartic couplings are given by

Aj = - i - j

v / ( 2 V M 2 ) 2 - 4 d e t M 2

A2 =
L \ /

(72)

(73)

(74)

(75)

(76)

(77)

(78)

A3 =

96?r2

450



(81)

A« = (82)

(83)

They contain the same kind of corrections as eq.(26), including the leading 73-term contributions, and
we have defined,

All quantities in the approximate formulae are defined at the scale Mt. and ht = mt(Mt)/(v sin/3)
, = mi(M4)/(t)cos/3) are the top and bottom Yukawa couplings in the two-Higgs doublet model.

For mx < Mt, tan/3 is fixed at the scale m j , while for mx > Mt, tan/3 is given by [79]

I = tan/3(mj4) fl + -^=(fc? - A,') log ^ 1 . (85)

For the case in which the CP-odd Higgs mass m^ is lower than Ms, but still larger than the top-
quark mass scale, we decouple, in the numerical computations, the heavy Higgs doublet and define an
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effective quartic coupling for the light Higgs, which is related to the running Higgs mass at the scale
mx through \(mx) = (mh(mx)/2v2). The low energy value of the quartic coupling is then obtained
by running the SM renormalization-group equations from the scale mx down to the scale Afj. In
the analytical approximation, for simplicity the effect of decoupling of the heavy Higgs doublet at an
intermediate scale is ignored but is partially compensated by relating the value of tan/3 at the scale
Mt with its corresponding value at the scale mx through its renormalization-group running, eq.(85).
A subroutine implementing the above computations is available [93].

5.3 Deriving ha Discovery and 95% C.L. Exclusion Contours

The Twipiiniim luminosity needed to assess the discovery or to exclude the existence of a Higgs boson
with mass ma can directly be determined from the numbers of events expected from the signal and
from the background processes at the three different center-of-mass energies. Given the rather small
numbers of events involved in this process, it is preferable to use Poisson statistics to derive the result.

Several definitions for the "minimum luminosity needed" were proposed. For instance, the mini-
mum luminosity needed for a ha discovery can be defined either (i) as the luminosity needed by the
typical experiment, i.e. by an experiment that would actually observe the number of events expected;
or (ii) as the luminosity for which 50% of the experiments would make the discovery at the requested
5<r level, where the a priori unknown numbers of events observed are properly generated according
to a Poisson distribution around their expected values. Although both definitions lead to the same
numerical result, a preference was given to the second one, which allows in addition the proportion of
the experiments required to make the discovery to be varied.

In detail, let b and * be the numbers of background and signal events expected with a luminosity
of 1 fb"1, and a be the fraction needed for the discovery. The first definition corresponds to finding
the smallest value of a that fulfills the condition

1 _ exp(-ai) X; < 5.7 x 10' (1)

where N = a(s + 6), i.e. that renders the probability of a background fluctuation smaller than the
probability of a 5<7 effect in the case of Gaussian distributions. The second requirement consists in
finding the smallest value of a for which the number of events Ni that would correspond to a 5<r (high)
fluctuation of the background alone is smaller than the numbers of events N2 that would correspond
to a 50% probability (low) fluctuation of the total number of events (signal included). This amounts
to finding a value of N which fulfills, in addition to (1), the following condition

(2)
»=o

As to the exclusion of the existence of a signal at the 95% confidence level, the minimum luminosity
needed has been similarly denned as the luminosity for which 50% of the experiments would actually
exclude it in the case of the absence of signal. Again, this is equivalent to the luminosity needed by
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the typical experiment, which is given by the value of a such that

«=o < 0.05,

where N = ab.

In both instances, when deriving the result, b and s were conservatively increased (resp. reduced)
by their systematic uncertainties, mainly coming from the yet limited Monte Carlo statistics. The
numbers of events expected by each of the four experiments were then added together, and the
individual uncertainties were added in quadrature.

However, one caveat should be mentioned. Even if it is legitimate to compute the minimum
luminosity needed by each of the four individual experiments by requiring only 50% of the Gedanken-
experiments to make the discovery /exclusion, this becomes unclear for the combined experiment: this
minimum luminosity would not suffice in 50% of the cases, and this would not be "compensated" by
having two (or four) such combined experiments. Since a choice for this fraction cannot be uniquely
defined, the combined results have been presented with a fraction of 50% too.
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1 Super symmetry

1.1 Introduction

Supersymmetry (SUSY) [1, 2] represents the best motivated known extension of the Standard
Model (SM). It offers an elegant solution to the naturalness problem of the Higgs sector [3], it
is consistent with present experimental data, and it predicts new particles to be discovered in
this generation of collider experiments. LEP2 has great potential for discovering SUSY, as a
consistent solution of the naturalness problem suggests that some of the new weakly interacting
particles are within the LEP2 energy range [4].

In the minimal SUSY model (MSSM), each SM particle has one SUSY partner. The partners
of the gauge bosons (gauginos) have spin 1/2, the partners of fermions (sfermions) have spin 0
and the partners of the Higgs fields (higgsinos) have spin 1/2. The Higgs sector is enlarged to
contain two complex weak doublets. After electroweak (EW) symmetry breaking, the partners
of the Higgs and SUz x Ui gauge bosons mix, and the physical mass eigenstates are given by two
Dirac fermions with one unit of electric charge (the charginos xt, i = 1,2 with m^t < nig*)
and four neutral Majorana fermions (the neutralinos, £;,» = 1, ...,4 with m ô < m^a if t < j).
This sector is described by three parameters: the SUi gaugino mass Mj, the Higgsino mass p,
and tan /3, the ratio of the two Higgs vacuum expectation values (VEVs). The J7i gaugino mass
is given by the unification condition Mi = |tan25^Af2, a relation valid in most GUT SUSY
models. Relations between the three parameters M2, fi, tan/3 and the masses and couplings of
charginos and neutralinos can be found in ref. [2].

Each quark and lepton has two scalar partners, one for each chirality state. We will refer
to these as left and right squarks (q) and sleptons (I). The scalar mass eigenstates are given
by mixtures of these two left and right states. The squark and slepton mixing angles and
masses are in general free parameters of the theory, and we will treat them as such. However,
in sect. 1.8, we will analyze the more restricted case in which all squark and slepton masses
are universal at the grand unification scale and then are evolved to low energies according to
the renormalization group equations. This case, suggested by a certain class of supergravity
theories, allows a simple comparison among the discovery potentials of different experimental
searches, because all SUSY particle masses and interactions are described by only four free
parameters.

The requirement of baryon and lepton number conservation in renormalizable interactions
implies the existence of a discrete symmetry in the MSSM. Such symmetry, called R-parity,
distinguishes between ordinary and SUSY particles and implies that: i) the SUSY particles can
only be pair produced and ii) the lightest SUSY particle (LSP) is stable. An appealing feature
of models with universal SUSY breaking terms at the GUT scale is that the neutralino turns
out to be the LSP in almost all of the parameter space consistent with radiative EW symmetry
breaking. This is welcome because from cosmological arguments on particle relic abundance
[5] it follows that the LSP must be a neutral particle. In most of our analysis we will therefore
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assume that the LSP is a neutralino, although we will also comment on the case in which the
LSP is a sneutrino, the only other neutral SUSY particle in the MSSM.

Searches at LEP1 have ruled out charged SUSY particles lighter than about mz/2 [6]. For
particular values of the SUSY parameters, the i can decouple from the Z°, and in this case the
limit on the stop mass is slightly reduced [7, 8]. From measurements of the invisible Z° width, a
sneutrino lighter than about mz/2 is also ruled out. The experimental limits on neutralinos [9]
strongly depend on the SUSY parameters which determine their couplings to the Z°. Tevatron
bounds [10] on gluinos and squarks exclude the possibility of producing these particles at LEP2,
with the notable exception of a light i. Information about the possible existence of light SUSY
particles can also be extracted from global fits of EW observables, and it will be discussed in
sect. 1.2.

In sects. 1.3-1.6 we present a study of the expected signals and detection efficiencies respec-
tively for production of charginos, sleptons, stops, and neutralinos at LEP2. As alternatives
to the MSSM, we will also consider two extensions which have some theoretical interest. In
sect. 1.6.2 we discuss how neutralino searches are modified by the introduction of a new singlet
superfield. Finally the rather different experimental signatures of SUSY in the presence of
.R-parity violation are studied in sect. 1.7.

1.2 Supersymmetry and i?&

The SM (and the MSSM with all superpartners heavy) is in excellent agreement with most of
the electroweak measurements [11, 12, 13, 14, 15, 16] except for R* and R^ [17]. The present
experimental results, Rt = 0.2219 ± 0.0017, R\ = 0.1540 ± 0.0074, are respectively +3.7<r and
-2.5er away from the SM predictions R^M = 0.2156, RS

C
M = 0.172 (for mt = 180 GeV) [11]. If

Rc is fixed to its SM value, the fits give Ri, = 0.2205 ± 0.0016 [11].

In the MSSM it is possible to obtain larger Rb [18, 19, 20] without altering the rest of the
EW observables [16]. Indeed, the latter are sensitive essentially only to additional sources of
the custodial SUv{2) breaking in the "oblique" corrections, i.e. mainly to the left slepton and
squark masses. The dependence on the right sfermion masses enters only through the left-right
mixing. Since the breaking of the custodial SUv{2) in the gaugino and Higgs sectors is weak,
the MSSM with heavy enough left sfermions does not significantly alter the SM predictions for
those observables [15,16]. The case of Rt is different. Its value can be larger than in the SM: for
low tan /3 Rf, receives important corrections from loops involving right stops and higgsino-like
charginos. For large tan/3 loops involving the CP—odd Higgs contribute as well.

In fig. 1 we show the contours of constant Rt in the (m^mj i ) plane for low tan/3 and in
the (Afx,TOjj±) plane for large tan/3. For each point in the plane of fig. 1 the plotted Rb is the
largest value obtainable by varying the remaining SUSY parameters under the the following
assumptions [16]: i) the overall x2 in a fit to 14 electroweak observables is within A\2 < 1
from the best fit in that particular point; ii) the predicted BR(b —* s-f) [21] is in the range
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Figure 1: Contours of constant Rb for mt = 180 GeV a) in the chargino - lighter stop
mass plane for tan/3 = 1.6; b) in the chargino - CP-odd Higgs boson mass plane for
large tan/3 = 50.

bW)> 50%; iv) T(Z° -» X°X°) < 4 MeV; v) the Higgs mass is(1 - 4) x 10"4; Hi) BR(t
larger than 50 GeV.

Although with the constraints from LEP1 one cannot reach the central experimental value
of Ri, supersymmetric corrections can significantly reduce the discrepancy [16]. For instance,
for low tan/? and Aff, = mx+ = 50 GeV one gets Rb = 0.2182 and for large tan/? and Mx = 55
GeV, mx+ = 50 GeV one gets Rf, = 0.2196 and a significant improvement in the overall x2

w.r.t. the SM case. The supersymmetric Rt, prediction remains within the 95% C.L. range
(Rb > 0.2173) in the region bounded by the dashed contours. The values of tan/? chosen in
fig. 1 are consistent with perturbative Yukawa couplings up to the Grand Unification scale and
with constraints from BR(b —> CTV) [22].

LEP1.5 data could push the lower limit for charginos up to m^± > 65 GeV provided that
m,j± — m̂ o > 10 GeV. Notice however that the regions of SUSY parameter space which provide
the best R\ values do not satisfy this constraint. As in our fit we find very small mass splittings
TOJ± — nijo the chargino may well escape detection and therefore LEP1.5 measurements may
not significantly restrict the SUSY corrections to Rb. However SUSY can bring the prediction
for Rb within the 95% CL range from the data only if at least some SUSY particle is within
the reach of LEP2. The region in parameter space selected by the best fits is interesting from
the theoretical point of view [23, 24]. The hierarchy |/t| << M2 (i.e. higgsino-like lightest
neutralino and chargino) is inconsistent with the mechanism of radiative electroweak symmetry
breaking and universal boundary conditions for the scalar masses at the GUT scale However,

467

10*

103 -

10* -:

' ' 1 ' '

. . 1 , .

. . 1 . . . . 1 . . . .

. . 1 . . . . 1 . . . .

1

1

v \

i •
M
H
II
1
1

:

. (GeV)

Figure 2: Chargino production cross sections at LEP2, i/s = 190 GeV, as a function
oftn^t. We show the ranges obtained by varying Mi, /*, tan/3 and ma, throughout the
parameter space, requiring mi>t > 45 GeV. The solid and dotted lines correspond to the
maximum and minimum production rates. The dashed (dash-dotted) line corresponds
to the minimum cross section ifmp€=2 TeV (m$€=200 GeV).

it is predicted in models with certain pattern of non-universal boundary conditions [25].

1.3 Chargino

The MSSM contains two chargino mass eigenstates, xt and xt- The lighter one, xti ls a

candidate for being the lightest SUSY charged particle. In e+e~ collisions, charginos are pair
produced via 7 and Z exchange in the a-channel, and via j/e-«cchange in the ^-channel. This
latter contribution is totally suppressed at LEP1. However at LEP2 energies, the destructive
interference of the two contributions can lead to a considerable reduction of the production
cross section if the i/t is sufficiently light. In fig. 2 we present the minimum and maximum
o-(e+ X1X1) as a function of "^±, obtained by varying the SUSY parameters tan/?, t%(,
M2, and fi. As one can see, while the cross section is generally large, of the order of several pb,
for special values of the above parameters it can be reduced to less than one pb, even away from
the kinematic limit. Notice that the effects of destructive interference become less dramatic as
soon as ma, > 200 GeV.

The main xt decay mode is expected to be:

* , * • •*?//' (1.1)
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with / and / ' being fermions of the same weak isospin doublet and x? the lightest neutralino,
which is assumed to be the lightest SUSY particle. The chargino decay can occur via virtual
exchange of W, sfermions or charged Higgs boson. If H+ and all sfermions are very massive
(TOH+ J "*•/ > mw), the BR are the same as those of the W. If the slepton masses are significantly
smaller than the squark masses and of the order of mw, the xf leptonic BR are enhanced.
Suppression of the hadronic modes due to phase space can also take place when the mass
difference between the chargino and the lightest neutralino is small. Moreover, for some values
of the SUSY parameters the second lightest neutralino, x°> can be lighter than the lightest
chargino and therefore the decay xt -* X2 ff' De possible. This can reduce the BR of decay
mode (1.1) and give rise to cascade events with more leptons and more jets. The possible
outcomes in terms of cross sections, decay modes and branching ratios as a function of the
SUSY parameters have been extensively studied in the literature [26].

If v or £ are lighter than the chargino, the decay modes xf —• tin or xt —* Ivi are accessible.
The decays to lepton-sneutrino or slepton-neutrino would yield signals similar to those from
slepton pair production and could be looked for in similar ways. As mentioned earlier, the
region in which the chargino cross section is suppressed corresponds to a light sneutrino and
a gaugino-like chargino. In this situation, the decay mode xf —> lui becomes dominant, see
fig. 2. The efficiency for chargino detection is therefore improved and can compensate for the
lower production cross section.

The experimental studies of the four LEP experiments that we present here [27] have only
considered the three body decays in (1.1), so three kinds of events can be observed depending
on whether the charginos decay to leptons or quarks: a pair of acoplanar leptons that may
have different lepton flavour (II mode); a relatively isolated lepton with two hadronic jets and
missing energy (jjl mode) and hadronic events with missing energy (4? mode). These modes
may lead to different experimentally observed topologies. For example a jjt event where the
lepton is a r that decays hadronically may look rather like a four-jet event than two jets plus
a lepton.

In the Monte Carlo studies carried out by the LEP experiments, the BR of the xt have
been assumed to be those of the W, so that the probability of the above modes are taken to
be 10.3%, 43.5% and 46.0%, respectively.

The relevant backgrounds to this process are given in table 1. The most dangerous back-
ground is W+W~ pair production due to the presence of missing energy and visible final states
similar to those of the signal. Even though 77 events are very sensitive to the cuts used and
should be a manageable background, care should be taken to have them well under control
through a good knowledge of the apparatus. Indeed, the extremely high cross section of this
kind of events makes it unfeasible to generate luminosities of simulated events large enough
to match the number of expected real events. The experiments have used a preselection in
order to discard at the generation level those events that would be in any case rejected after
simulation. This procedure keeps only the tails of the distributions which may be a dangerous
background of fake missing energy events. Cross-checks have been performed by the experi-
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Type of event

e + e - -> W+W~ (7)
e+e--+Z°2:0(7)
e+ e - -» We v (7)
e+e--»Z°ee(7)

Cross Section (pb)

v/J = 175 GeV y/l = 192 GeV
164.9
13.8
0.4
0.5
2.7

128.1
17.1
1.1
0.7
2.9

Table 1: Relevant backgrounds to chargino production and their cross sections at y/s =
175 and 192 GeV. The cross section for the 77 process is not given since it is highly
dependent on the initial cuts used.

ments to make sure that the different generators used to produce this background according to
the various theoretical models (VDM, QPM and QCD) agree with data at LEP1 energies. The
backgrounds have been generated using standard Monte Carlo programs [28, 29]. Chargino
events were generated using SUSYGEN [30]. For a typical point in SUSY parameter space the
L3 experiment has checked that using the Monte Carlo program DFGT [30], which properly
takes into account spin-correlations, gives essentially the same detection efficiency.

1.3.1 Mode jjl

The jjl mode has been studied with full simulation of the detector for several points of the
SUSY parameter space by DELPHI, L3 and OPAL and with fast simulation by ALEPH.

The main features of the jjl mode are the presence of an isolated lepton in a high multiplicity
environment, a low hadronic mass, a high missing mass and high missing py. The initial
selection of this mode is carried out with a cut in multiplicity and the identification of an
isolated electron or muon (OPAL also includes a simplified T identification by looking for 3 or
5 charged tracks in a 5° cone with an invariant mass smaller than 2 GeV).

The large 77 background is rejected demanding a high missing pr (cuts range from 5 to
10 GeV), the absence of electromagnetic energy in the very forward-backward regions, and a
missing momentum vector not pointing to the very forward-backward regions. For the non-77
background, in particular due to W+W~ production, a variety of cuts in visible mass, visible
energy, missing mass, hadronic mass and invariant mass of the lepton and the unseen neutrino
have been used by the four experiments. All these selection criteria take advantage of the fact
that for W+W~ events the missing mass is small (in fact with perfect resolution it would vanish
since it is the neutrino mass), while the hadronic mass and the invariant mass of the lepton and
unseen neutrino (as reconstructed from energy-momentum conservation) should be that of the
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Figure 3: Left: selection efficiency as a function of the chargino-nevtralino mass
difference in the jjl mode for an average experiment. Right: same efficiency for the
4j mode. The two curves correspond to chargino masses of 70 and 90 GeV.

W. On the other hand, in the chargino events the missing mass is large and the hadronic mass
small due to the presence of the neutralino, while there is no particular reason why the "lepton-
neutrino" invariant mass should peak at the W mass. Cuts in acoplanarity, acollinearity and
maximum momentum of the isolated lepton are also included in the selection criteria of some
of the experiments. The very same cuts devised for the W+W~ background also reject the rest
of non-77 backgrounds, which are less important in terms of cross section, except for the qqy
background. At y/s= 190 GeV all the four experiments are able to reduce the background to
50-100 fb. Around 30-50% of this background, depending on the experiment, is W+W~. The
remaining background is mostly 497 (20-30%) with contributions below the 10 fb level from
the other processes.

Concerning the signal, the efficiency is in general only mildly dependent on the SUSY point
considered. In fact, it is mostly dependent on the chargino and neutralino masses, and much
less on their field composition. It is only when the chargino and neutralino are close in mass
(m^± — nijjo < 10 GeV) or the mass of the neutralino is very light (m^o < 20 GeV) that
the efficiency starts to degrade (fig. 3, left). In the first case this is due to the decrease in
multiplicity, visible energy and missing pr; in the second, to the increase in visible energy and
the decrease in missing mass, which makes these events more similar to the W+W~ background.
For the remaining chargino and neutralino mass values, the efficiency is quite stable. For the
jjl mode, in particular, the purely detector efficiencies for the electron and muon final states
(i.e. excluding BR) range from 40 to 60% depending on the experiment. Taking into account
the BR to the electron and muon final state (including those through the r decay) the overall
efficiency in this mode is in the 10 to 20% range, under the assumption that the chargino BR
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are equal to those of the W.

1.3.2 Mode 4j

The 4j mode has been studied by DELPHI, L3 and OPAL for several points in the SUSY
parameter space with full simulation of the detectors.

In this mode, high multiplicity and the absence of an isolated lepton are the first require-
ments. Again, the 77 background is rejected by means of cuts in minimum missing pr and
minimum acoplanarity. It is also required that only a limited amount of the total energy be
present in the far forward-backward region and that the missing momentum vector does not
point to this region. For the non-77 background cuts have been applied on the minimum miss-
ing mass, on the maximum visible energy and on the maximum hadronic mass. As before,
these cuts rely on the fact that the missing mass is low for the background and high for the
signal, while the hadronic mass is around the center of mass energy for the background and
low for the signal. Even though the background is in this case slightly higher than in the jjl
mode, it is nevertheless still in the 100-200 fb .range. The experiments agree on the three main
sources of background: W+W~, qq*f and W ev events, but the percentage of each one changes
from experiment to experiment, reflecting the different choices of cuts. It is worth noting that
for this mode the Wev process is a non-neglible source of background amounting to ~ 30% of
the total.

The signal efficiency depends only very slightly on the chargino and neutralino masses unless
we are close to the limit of a small neutralino mass (~ 20 GeV) or small chargino-neutralino
mass difference. However, in this mode the search can be extended down to chargino-neutralino
mass differences of the order of 5 GeV (see fig. 3, right). This lower mass difference is due to
the higher multiplicity of the Aj mode, to the absence of the requirement of an isolated lepton,
and to the smaller missing pj- needed to reject the 77 background. Another feature of this
mode is that it recovers events missed in the jjl mode. Indeed, some of the jjl events that are
lost during the jjl selection are kept in the 4j selection. In case of discovery this "migration"
might be a serious problem to compute branching ratios with the present selection criteria, but
during the search stage it is a way of increasing the overall efficiency. The efficiency to select
4j events is, as in the preceding mode, in the 40-50% range. Additionally, around 15 to 20%
of the jjl events are classified also as Aj. If we take into account also these events in our final
sample, we obtain an "efficiency" of 60 to 70%.

1.3.3 Mode U

The U mode has been studied with full simulation of the detector by DELPHI, L3 and OPAL
for several points in the SUSY parameter space.

The II mode is characterized by two acoplanar leptons, low multiplicity, low visible energy,
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Figure 4: Minimum signal cross sections required for 5-a chargino discovery in the
(m%± ,mg>) plane, with 150 pb" 1 integrated luminosity. The case of the jji mode (left)
and of the 4j mode (right) are shown.

large missing mass and missing pr- The final leptons might have different leptonic flavour, a
feature that distinguishes this mode from the associated production of sleptons. The selection
starts with a cut in multiplicity which is more or less stringent depending on whether the ex-
periment additionally demands explicit lepton identification. Various ways of avoiding leptonic
radiative return events have been used, all of them relying on some sort of restriction on the
magnitude of the isolated electromagnetic energy in the event. Apart from this, cuts in the
maximum energy in the far forward-backward cone are used to reject the 77 background.

W+W~ events are mainly rejected by cuts in maximum visible energy, minimum missing
mass or in the maximum momentum of the leptons. Apart from the acoplanarity, other variables
in the transverse plane have also been used. In particular, cuts have been applied in "transverse
thrust" and in the pj-acoplanarity plane. The final background can be reduced to several tens
of fb. The most serious background in this channel is W+W~ production, which represents in
all cases more than half the final background. The remaining background consists of radiative
return and Z e+ e~ events.

Concerning the signal, the average detector efficiency is in the 25-35% range. Again, this
efficiency is rather stable throughout the SUSY parameter space, unless the neutralino is very
light or very close in mass to the chargino. If we assume that the leptonic BR of the chargino
is equal to that of the W, the overall efficiency in this mode is around 3%. In spite of this low
efficiency, this mode is particularly important since its enhancement might indicate the possible
presence of nearby sleptons.
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1.3.4 Results

For i/s= 190 GeV, an integrated luminosity of 150 pb"1, and assuming for the chargino the BR
of the W, the LEP experiments are able to discover at the ha confidence level a chargino signal
in the jjl mode provided that its production cross section is above 0.5 to 0.8 pb, depending
on the experiment. An integrated luminosity of 500 pb"1 would allow the exploration of the
chargino signal in this same mode down to cross sections of 0.2 to 0.4 pb. Although the search
can be carried out almost to the kinematical limit for both luminosities, when the chargino and
neutralino are close in mass (m^± — m%o < 10 GeV) or the mass of the neutralino is very
light (m^o < 20 GeV), the experimental efficiencies decrease very quickly. However, it is not
excluded that more specialized selection criteria can be envisaged to recover, at least partially,
these regions.

In the 4j mode, the minimum reachable cross section at </s= 190 GeV to discover the
chargino at the ha confidence level is in the 0.4-0.7 pb range, which can be reduced to 0.2-
0.4 pb with an integrated luminosity of 500 pb"1. In this mode, charginc—neutralino mass
differences down to 5 GeV can be explored.

In fig. 4 we show the minimum cross-section at the ha confidence level for an integrated
luminosity of 150 pb"1 for an average experiment in the chargino-neutralino mass plane, for
the jjl and the 4j mode.

In the II channel, the corresponding minimum cross section at v^= 190 GeV is in the
range 4-5 pb with 150 pb"1 and 2-3 pb with 500 pb"1. The minimum chargino-neutralino
mass difference is 10 GeV.

Combining the three modes and assuming an integrated luminosity of 150 pb"1, the chargino
search can go down to a minimum cross section of 0.3-0.5 pb depending on the experiment.
This conclusion is reached under the assumption that the chargino BR are the same as those
of the W. A variety of enhancements and suppressions of the leptonic and hadronic BR of the
xf can take place depending on the relevant SUSY parameters, as was pointed out above. For
these cases the above results can be properly rescaled.

1.4 Scalar Lepton Searches

Each SM charged lepton has two scalar partners, which will be called right and left sleptons.
As mixings among different slepton states are assumed to be proportional to the corresponding
Yukawa couplings, e^fi and fiLR are approximately mass eigenstates. On the other hand, a
non-trivial mixing between the two f states can be expected, especially for large tan (3. Smuons
can be pair produced at LEP2 via Z and 7 s-channel exchange. Their production cross section,
corrected for ISR, is shown in fig. 5, as a function of m^. Identical results hold for the f, in
the limit of vanishing left-right mixing. In the case of the selectron, neutralino-exchange in
the t-channel can also contribute to the production. Now the cross section is not uniquely
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Figure 5: Cross sections for the production of various slepton pairs at 190 GeV, as
a function of the slepton mass. In the case of e^ejj production we assume mgL =
meR. ISR corrections are included throughout. For the selectron processes, the solid
lines represent minimum and maximum rates obtained by varying Mi, \i and tan/3
in the range allowed by the LEPl constraints. The shaded areas have the additional
requirement m^± > 95 GeV. Notice that the minimum cross section for eien is off
scale when the m^± > 95 GeV requirement is not applied.

determined by m,-, but it depends also on the neutralino parameters M^, /i, and tan/3. As an
effect of the t-channel exchange, the associated production of e^ and e« is possible, even if the
selectron mixing angle vanishes. Figure 5 shows the range of e-production cross sections in the
three possible channels (e^ei, e^ejj, ILIR). The minimum and maximum cross sections are
obtained by varying the neutralino parameters within the range allowed by LEPl constraints
on charginos and neutralinos from the visible and invisible Z widths, consistently with the
requirement that the neutralino is the LSP (TTI^O < m J i | f i) . We also show the minimum and
maximum cross sections obtained with the further requirement mj± > 95 GeV, expected to
hold if the chargino search at LEP2 turns out to be unsuccessful. Because of the interference
between s-channel and i-channel contributions, the e-production cross sections vary by more
than an order of magnitude. Notice in particular that they could be significantly smaller than
the fi cross section. Knowledge of (or constraints on) the parameters M?, p, and tan/8 from
chargino and neutralino searches at LEP2 can be of great help to sharpen the predictions on
the expected e cross section.

Both left and right sleptons can decay into the corresponding charged lepton and a neu-
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Figure 6: Dominant slepton decay modes in the ( M 2 , / J ) plane, for m^ = 80 GeV
and tan/3=i.3. The regions labeled I are excluded by LEPl data. The regions II do
not satisfy m^ > m^o. The large unmarked regions correspond to t -» 1x1 te*n9 the
dominant decay mode. In the dotted regions the dominant decay is I —• lx°, while in
the hatched area the dominant decay is i -> v/xf •

tralino:
l±^l± + XOi, 1=1,2,3,4. (1.2)

Left sleptons can also decay into the corresponding neutrino and a chargino:

t —> l/i ~r X '» t = 1 , Z. I l.o)

Urn*, <mi< m^o then I will have only three-body decays. In our analysis we will not consider
this possibility.

In the case of the right slepton, the decay mode V^ —» I* + x? is always dominant, aside
from a small region of parameters shown in fig. 6 a where IR —» I*- + x° ' s the main decay
process. This region rapidly disappears as we increase tan/3. For left sleptons, the decay mode
/ \ —+ ui 4- x* c a n aiso become the dominant process in the region of parameters where the
chargino is rather light, as illustrated in fig. 6b. Contrary to the case of in, the regions of the
dominant lL decay modes do not significantly depend on tan/3.

The slepton decays into x* and x°i (* > 1) giye rise to cascade processes, which may have
very characteristic signatures [31]. In case of slepton discovery, these decay modes can give
important information about the values of the relevant supersymmetric parameters.

The signature which was used in the studies that will now be presented is an acoplanar
pair of charged leptons of the same flavour, accompanied by a large missing momentum. In
order to investigate the detectability of selectrons at LEP2, a study was performed for the L3
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Figure 7: Efficiency of the selection cuts I and II on selectnm pairs of various masses,
as a function of m^o.

experiment [32], relying on a detailed description of the detector in form of a fast simulation,
with detector response and acceptance checked against data and against a full GEANT descrip-
tion. For the generation of selectron pairs, the BABY slepton generator described in ref. [33]
was used, taking into account initial state radiation. In this generator, cascade decays are not
included. Its use is nevertheless justified for the studied R-selectrons, which almost entirely
decay to an electron and the lightest neutralino. The following background reactions have been
considered:

together with the photon interactions:

77 -> II and e7

Looking for selectrons, only two electrons are expected in the detector, and some energy has
to be missing, due to the neutralinos escaping detection. To suppress the background sources,
while keeping a high signal efficiency, two sets of selections were used. For large values of
the difference Am between me and m^o, an acoplanarity angle smaller than 130° and a total
transverse momentum larger than 15 GeVare required (selection I). For the parameter space
region where Am is small, the acoplanarity angle was required to be below 160°, the total trans-
verse momentum larger than 5 GeVand the missing energy in the event larger than 150 GeV
(selection II).

The remaining background cross sections are 82 fb for selection I and 7.2 fb for selection II.
The selection efficiencies for the signal are shown in fig. 7, for different selectron masses, as a
function of the neutralino mass. For me > 60 GeV, they are larger than 40% for Am > 15 GeV,
and of the order of 60% for 5 < Am< 10 GeV, where the tight f cut is most efficient.

Thus, the minimum signal cross sections needed for a ha statistical significance are, 143 fb
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Figure 8: Limits of detectabily of sleptons with 5a, at 190 GeV, tan/3 = 4 and \i =
-200 GeV, for integrated luminosities of 100pb~x and 500P6"1, in the plane m^ - m^o,
(a) for e je j in the L3 detector at LEP II and (b) for right selectrons and smuons, in
an ideal LEP detector.

(64 fb) in the region where selection I is applied, and 42 fb (19 fb) where selection II is used,
for an integrated luminosity of 100 pb'1(500 pb~l). For fi = -200, tan/3 = 4 at y/s = 190 GeV,
the resulting discovery region in the (ro*, m$o) plane is shown in fig. 8a. The slight dip along
the m^o axis for high values of me is due to the transition from one set of cuts to the other
one. The lack of sensitivity observed in the region mt- — m ô < 15 GeV at low me is mostly due
to the particular choice of SUSY parameters and to the mass relations built into the BABY
Monte-Carlo, which artificially restrict the possible values of the neutralino mass. The precise
value of mi — m^o at which the detection efficiency will drop below the 10% level depends
critically on the analysis cuts and on the accuracy of the detector simulation. Fig. 7 suggests
that the L3 analysis could be sensitive to mass differences down to values of the order of 5 — 10
GeV.

A similar exploratory study has been performed for selectron, smuon and stau pair produc-
tion. In this preliminary study, the detector acceptance and performance have been crudely
simulated by various cuts and by smearing the kinematical variables to take into account the
measurement errors, see ref. [34]. The production of sleptons has been simulated using the gen-
erator SUSYGEN [30], taking into account ISR and cascade decays. The background processes
have been simulated using PYTHIA [28], In addition to the background processes generated
in the proceeding analysis, the following reactions have been considered:

e+e~ —> ff,ui/Z and 77 —* ff.

The selection cuts used for selectrons and smuons are very similar to those used in the L3
analysis. However three different sets are used instead of two, in order to try to suppress the
dip observed in the contour of fig. 8a. Selection 3 is identical to selection II of L3 analysis.
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In selection 2, the missing energy cut is moved from 150 GeV to 130 GeV. In selection 1 the
acoplanarity angle has to be smaller than 160°, the total transverse momentum larger than
15 GeVand the difference of longitudinal momentum between the negative and the positive
lepton, has to be smaller than 40 GeV. As the r can decay either leptonically or hadronically, the
final state searched for is either 2 jets or a jet and a lepton. Two lepton final states, representing
13% of the total, would hardly be distinguished from smuon or selectron production. The total
number of charged particles is limited to four, the acoplanarity angle must lie between 5° and
150°, the total transverse momentum between 15 and 29 GeVand the missing energy must be
larger than 150 GeV.

After applying the above selections, the cross section corresponding to the total remaining
background, o-j, is reduced to the values shown in table 2. The difference in background
remaining for selectron production, compared with the L3 study, is due to the more realistic
detector efficiencies used there.

Final
state

selection 1
selection 2
selection 3

e+e'

115 fb
23 fb
11 fb

104 fb
21 fb
10 fb

r + r -

55 fb

Table 2: Cross sections of remaining background, for e+e i~ and T+T~ final states.

The 5<x detectability ranges obtained after applying the above cuts on simulated signal
events are shown in fig. 8b, assuming tan f3 = 4 and /i = —200 GeV. The results for selectrons
and smuons are shown in the mj—m^o plane for C = 100 pb'1 and C = 500 pb'1. The agreement
between selectron limits in both analyses brings some confidence in the cruder analysis of fig. 8b,
which is the only one existing for smuons. With the above selection staus are not observed
with 5(7 at these luminosities, for this set of MSSM parameters. It is only possible in the
most favourable case: \i < —50 or y. > 300 GeV and tan/3 ~ 1, at £ = bOOpb'1, for m.f
< 60 GeV [35].

A further study involving a realistic simulation of the detector response has been performed
at y/s = 190 GeV for stau pairs in the OPAL detector [36]. It relies on a full detector simulation,
with both background and signal generated with PYTHIA [28]; the stau mixing is neglected.
A different set of cuts has been used than for the preliminary study above. They essentially
differ by looser cuts on the transverse momentum and on the acoplanarity of the two jets in the
final state: pr > 10 GeV and 9 > -3pr(GeV) + 60°. This is compensated by a cut on detected
gammas that must have less than 10 GeV. The missing energy cut is replaced by a cut on the
two jet invariant mass that must be smaller than 50 GeV.

After these cuts, only 2 fb of background remain, allowing for a much lower value of the
observed signal cross section, of the order of 12.5 fb, for C = ZWpb'1, leading to a domain of
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Figure 9: OPAL's btr limits of detectability for stau pairs in the mi - m^o plane.

y/s = 190 GeV, for an integrated luminosity of ZOO pb'1.

detectability of stau pairs at 5 <r, shown in figure 9. The two contours correspond respectively
to the case where the mass of the f R is much smaller than the mass of the f £ and to the case
where the two masses are degenerate. The above studies show that with 500 pb"1 selectron
pairs could be detected at LEP2 with 5 c up to masses about 5 GeV below the kinematical
limit, with Am > 10 GeV. The reach could be significantly reduced if the SUSY parameters
were such as to induce large destructive interference among the production diagrams. The
domain of detectability for smuons is less model dependent, but limited to about 20 GeV below
the kinematical limit. In the case of staus the reach is still more constrained, because of the
lower efficiency in the detection of the final state taus.
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1.5 Stop and Sbottom

1.5.1 Phenomenological Aspects

The SUSY partners ii and IR of the top quark are expected to be mixed due to the large
top Yukawa coupling. Therefore, the lighter mass eigenstate t\ will most likely be the lightest
squark and may even be the lightest visible SUSY particle. If tan /? is large [tan /3 > 10) also
the sbottom b\ can be rather light [37]. Thus, it may well be that ti or/and 6i are within the
reach of LEP2.

The mass matrix for the stops in the (II, *R) basis is given by [2]:

, + m2 + m\ cos 2/3 (r3t - Qt sin2 6W) mt (At - n cot /3)
f (At - fl COt /3) + m% cos 2/3 Qt sin2 0W

(1.4)

where T3t and Qt are the third isospin-component and electric charge of the top quark, re-
spectively. For the 6 system analogous formulae hold with My replaced by Ml, and with the
off-diagonal element replaced by nn,(Ah — /itan/3). The mass eigenstates are <x = cos#,- it, +
sin 9{ <H, *2 = — sin 9{ iL + cos 9-t tH, and analogously for &i|2. Thus, the experimental de-
termination of the mass eigenvalues and the mixing angles provides information on the soft
SUSY-breaking parameters MQ, MU, MD, At, and At,.

The reactions e+e —* fi<i
and e+e~ —> 6j fci proceed via s-
channel 7 and £ ° exchange. The
Z° couplings to 3igi are propor-
tional T3, cos2 0$ - Q, sin2 »w. In
fig. 10 (a) and (b) we show the
total cross sections for these pro-
cesses at -Ji = 175 GeV and
^fs = 192.5 GeV as a function of
cos 91 and cosdg for several mass
values of i i and 61. Here we
have included QCD radiative cor-
rections and initial state radia-
tion (ISR) [38, 39]. At v/a =
192.5 GeV, for masses of 70 GeV
the cross sections reach values
of 0.7 pb and 0.55 pb for stop
and sbottom production, respec-
tively. There is a pronounced de-
pendence on the mixing angle for
COS"(S ~ 0.6. Radiative correc-
tions are impor-

cr[pb]
1.4

0.2 0.4 0.6 0.2 0.4 0.6 0.8 1.
COsSr

0.8 1.
cos 9{

Figure 10: Total cross section in pb at 1/3 = 175 GeV (dashed
lines) and y/s = 192.5 GeV (solid lines) as a function of the
mixing angle for squark masses of 50, 60, 70, 80, and 90 GeV,
for (a) e+e~ -» ii tj and (b) e+e~ -* i j b\.
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tant as can be seen in fig. 11, where we show the QCD
and ISR corrected cross section together with the Born
approximation for e+e~ —»tjfj.

If U is the lightest charged SUSY particle, it will
decay with 100% branching ratio according to t\ —»
ex?- If "*t, > m-t +TO(,, then the decay <i —» bxt has
practically 100% branching ratio in the mass range of
LEP2. In fig. 12 we show the domains of the *i decay
modes in the (Af2, fi) plane for m^ = 80 GeV and
tan /? = 2. There is a small strip where the decay ir —>
cx° is also possible. The signature from the cx\ decay
is two jets and missing energy (.$), whereas for t\ —»
bxt one has two 6 jets accompanied by two leptons +
.9, or lepton + jet -I- $1 or two jets + If. In the case
of ii —» bxt it will obviously be useful if the xt ^ a s

already been observed and its main properties are
known.

'(hh)W

0.4

0.2

60. 70. 80.
"»,-, [GeV]

Figure 11: Born approximation (- - -),
QCD corrected (-.-), and QCD+ISR cor-
rected (—) cross section for e+e~ —»ti tj
as a function ofm^ for •y/J = 192.5 GeV
and cos 61 = 0.4.

The lifetime of ti is expected to be larger than the hadronization scale [40]; thus ii hadronizes
first into a colourless (tig) bound state before decaying. This affects the spectrum and multi-
plicity of final state hadrons, as discussed in ref. [30]. The decay width for £1 —> bxt becomes
larger than 0.2 GeV for mfl - m^ > 25 GeV and cos0t- > 0.9.
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Figure 12: Parameter domains in the (Mi, /*) Figure 13: Contour lines for the branching ra-
plane for the various ti decay modes, for mjx = tio (in %) ofbi -> bxi, for mgi = 80 GeV,
80 GeV and tan/3 = 2. The grey area is ex- tan/3 = 30, and Mi = 60 GeV. The grey area
eluded by LEPl. is excluded by LEPl.
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Figure 14: 5 a discovery reach (left) and 95% CL limits (right) for the i search at
ISO GeV. The solid (dashed) lines correspond to maximal (minimal) coupling to the Z.
The shaded area corresponds to Vie current 95% CL Tevatron limits [44].

The main decay modes of the 6i are Si -+ 6x? and Sx -+ b\°, the second decay being
possible in the parameter region approximately given by Af2 < mgi — TOJ, or \/i\ < m^ — mj. In
fig. 13 we show the branching ratio for b\ —* &x? as a function of cos 0g and /i for mgi = 80 GeV,
tan/? = 30, and M2 = 60 GeV. As can be seen, the decay b\ —> b\° plays an important role for
| cos#j| > 0.5. Moreover, there is a certain dependence on the sign of cos #g.

1.5.2 Search Strategy for Stop

A search for pair production of ii with ii decaying into ex? was made at LEP1 [7, 8]. The
background situation at LEP2 is, however, more severe. DELPHI, L3 and OPAL have studied
the search strategy for ii it -* cjficxi events. To determine the selection criteria, an integrated
luminosity of 300-500 pb"1 was assumed at v ^ = 190 GeV. The ii i\ event generators which
are used for the three experiments are described in ref. [30]. The analyses were performed with
realistic detector simulation. L3 [41] and OPAL [42] have applied cuts to the event shape and
kinematical variables. DELPHI [43] has used a statistical method to set the cuts.

It is important to have a sensitivity for small values of the <x? mass difference (Am) down to
values of the order of 5 GeV, as it is difficult for the Tevatron experiments [44] to fully cover this
region because of small missing pr. The visible energy of ii ii events is small for small Am, as
the x?'s carry a large fraction of energy, and the energy of particles form fragmentation in small.
L3 and OPAL accept events with typical Era > 0.1 y/s. In this case the main background is due
to two photon processes. These background events can be reduced by a veto of the scattered
electrons in the forward detectors (luminosity monitors). Typically, LEP detectors cover the
forward region down to 25-50 mrad. The maximum pr observed for two photon processes is
determined by the forward coverage. Therefore the total transverse momentum of the events
can be required to be larger than fa #min\A> where ff^un is the minimum polar angle of the
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Luminosity || coupling
Am
75 pb"1

150 pb-1

500 pb"1

full
zero
full
zero
full
zero

ha

20 GeV
83 GeV
73 GeV
87 GeV
81 GeV
91 GeV
88 GeV

95% C.L.
20 GeV
87 GeV
82 GeV
90 GeV
86 GeV
91 GeV
90 GeV

5<7

10 GeV
79 GeV
67 GeV
83 GeV
77 GeV
88 GeV
84 GeV

95% C.L.
10 GeV
83 GeV
77 GeV
87 GeV
82 GeV
91 GeV
88 GeV

Table 3: The maximum ii mass for 5<r discovery and 95% C.L. exclusion at y/s =
190 GeV as a function of the integrated luminosity. The numbers are for one typical
LEP experiment for the two cases of the full and zero coupling of ti to the Z boson.

coverage. The balance between the two photon background rejection and the signal efficiency
determines the Eyi, or pr cuts.

For large Am ( > 20 GeV), the main background sources are W+W~ —> luqq' and ZZ —>
vuqq events. These events can be reduced by requiring the visible invariant mass of the events
to be larger than as 50 GeV. A cut against isolated leptons can be used to reject events with
W —• tv decays. The lower value of the visible energy cut can be tightened to eliminate the
background from the two photon processes.

Since ti t\ events are expected to have two narrow jets, the number of reconstructed jets
is required to be two. The jet resolution parameter are optimized to have a good rejection of
background and a good signal efficiency. This requirement reduces four jet events from W+W~
or ZZ background as well as QCD multi-jet events. L3 used the JADE jet algorithm. OPAL
used the Lund jet algorithm with the jet resolution parameter <fjoin = (2.5 + 2EviB/y/s) GeV.
The EY1. dependence of the djo]n parameter is needed for a good jet reconstruction over a wide
range of m^. Since the jet resolution parameter used for OPAL is tight, multi-jet events are
effectively reduced and the other cuts can be loosened. Likewise, the L3 two-jet requirement is
very efficient in removing multi-jet backgrounds. Another possibility to eliminate qq(t) events
or four jet events from W+W~ or ZZ events is setting a cut on the maximum value of Eya.
To reduce the two jet qq background, the acoplanarity angle (<A«cOp) cut is very powerful. The
acoplanarity angle is defined to be 180° minus the opening angle between two jet momenta
projected on to the plane pependicular to the beam axis. The events which have back-to-back
topology in the plane perpendicular to the beam direction are reduced in this way. Therefore,
Z-f —* qqy events where the 7 escapes into the beam pipe are also reduced. L3 has applied the
cut </>KOp > 34°, OPAL has taken ^« o p > 15° for Evi, > 0.2^/s and linearly increased the ^Kop

cut value to 40° as Ey-,, decreased to 0.1

If the two jets are emitted close to the beam axis, the acoplanarity angle measurement
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becomes poor. Therefore a cut | cos 6T\ < 0.7 is usually applied to the polar angle 0x of event
thrust axis. Events with a jet in the forward direction may also cause a large acoplanarity
angle. The azimuthal angle of the forward jet cannot be measured with good precision because
the particles belonging to the jet spread over a large azimuthal angle range. Events are rejected
if one of the two jets points close to the beam axis. To further reduce qqj events where the 7
escapes into the beam pipe, L3 required the longitudinal momentum balance \Spz\IEy\, < 0.5,
where £ runs over all the particles.

The detection efficiency of <i i\ events is about 25% for mj, = 70 GeV and Am = 20 GeV,
and large background rejection is maintained. For £=500 pb"1 only 2-3 background events are
expected. The efficiency increases gradually to 40% at m^ = 85 GeV with the same Am. For
Am = 10 GeV, the efficiency is about 20% at m^ = 70 GeV, as the visible energy decreases.
It goes down to a few % for Am = 5 GeV.

DELPHI has chosen a very different approach. A statistical method is used to extract the
signal from background. After a loose pre-selection of events, one applies a cut discriminating
analysis a la Fisher with up to 31 kinematical and event shape variables: Vi (i = 1,2, ...,31).
The discrimination function F is calculated as a linear combination of the variables: F =
a.o + Sf=i OiV;, where the coefficients a; are optimized to have the best separation between
signal and background. The discovery potential is evaluated from the number of expected
signal to background events after having applied a cut on F, which is optimized in order to
maximize the discovery potential. The analysis is repeated for different masses of ti and x? as
well as for different v ^ (175 GeV and 190 GeV) focusing on small Am.

The five sigma discovery and 95% CL exclusion regions in the m^-m^ plane, which can be
reached by a typical LEP analysis at */s — 190 GeV, are shown in fig. 14. The shaded area
corresponds to the region currently excluded at the 95% CL by searches at the Tevatron col-
lider [44]. The minimum luminosity needed for five sigma discovery and for 95% C.L. exclusion
in the cases of Am = 10 and 20 GeV are given in table 3.

No effort has been made so far to study ti identification. For this purpose it is important
to identify the charm quark in the ti —> ex? decay. After applying appropriate selection cuts,
the enhancement of the soft ir* from D* decay, the reconstructed D or D" mass peak and the
leptons from charm semileptonic decays can be studied to identify the charm quark. A direct
mass reconstruction is not straightforward due to the large missing mass arising form the two
neutralinos. In the case of ii —* bx+ the visible energy is larger than in £1 —• ex?, and b-tagging
can be used to enhance the signal. If one of the xf's decays into x? ^+"> an isolated lepton is
expected in the event. These leptons are softer than those from W+W~ or ZZ events. If the
X* is lighter than fj, it is most likely that it will be discovered first. The information of the
X* characteristics can be used to identify ix by the decay into b\t-

DELPHI has studied the decay U —* b\t using the same method as described above.
Additionally, the vertex information has been used to enhance events with b-quark. The exper-
imental reach for m^ is 85 GeV at y/s = 190 GeV, with a luminosity of 300 pb"1 . Moreover,
DELPHI has studied 61 search when 61 decays into &x?- The discovery potential for 61 is similar
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Figure 15: Contour lines for the cross section (fb) of e+c -> X1X2 ~* visible, in
the (it,Mi) plane, for tan/3 = 1.5, mo = Mz, MAa = ZMz- The central empty
region is excluded by LEP1 data. The bold lines represent the kinematical limits for
e+e" -> x\xl ('N') and c+e" - xtxi ('C') at LEP2 (y/i = 190 GeV).

to that of the ti

1.6 Neutralinos

The most promising neutralino production process at LEP2 is the production of a lightest plus
a next-to-lightest neutralino, e+e~ —» XiX5- In fac*j most of the times the xl decays in some
visible final state (plus a x°) while the lightest neutralino goes undetected, producing a large
imbalance in the final state momentum and missing mass.

A thorough study of the production rates at LEP2 for the process e+e~ -+ X1X21 which
takes into account all the possible signatures that can derive from the different xl decays, has
been performed as a function of the SUSY parameters fi, M2, tan/3, and the common scalar
mass m0 [45]. The xl can decay into a x° plus: £+l~, vo>t, qq, l+t'~uti>i', Pvtqq', qiq^qiq^ (the
last three arising from cascade decays through a light chargino) or a photon. Possible decays
into a light Higgs boson have also been included. A typical scenario is shown in fig. 15, where
the rates for all visible x°2 final states are included. At LEP2, one finds that:

a) In regions where xl and xl are mostly higgsino-like (i.e. for |/J| £ Mz and Af2 ^ 1.5Afz)
production rates are large (more than 1 pb) and comparable to the chargino rates.
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Figure 16: B.R. 's of all x5 decay channels for n = mz, Mz = 1.5mz, ro.40
functions of mo (with tan/3 = 1.5̂  and o/tan/3 -̂unfA mo = mz).

b) In regions where x[ a^d X? h a v e non-negligible gaugino components ( i.e. for |/t|
X1X2 mthe kinematical reach (marked by 'N' in fig. 15) of the reaction e+e~

plane is larger than the one relative to the light chargino-pair production (marked by ' C in
fig. 15).

c) For \fi\ ^ Mz, the neutralino production rates are much lower than the chargino rates
(mainly due to the absence of the 7-exchange channel for neutral particles) and critically
dependent on selectron masses. For e close to the LEP2 reach (i.e. mo — Mz GeV), cross
sections up to about 0.5 pb can be reached outside the regions excluded by LEP1, and up to
0.2 pb in the area not covered by chargino searches at LEP2.

Hence, neutralino production provides a remarkable additional tool to explore the SUSY
parameter space in the regions covered by light-chargino pair production and beyond. Compar-
ative chargino/neutralino studies in more constrained SUSY models, which assume radiative
breaking of the EW symmetry, are reported in sect. 1.8.

A detailed analysis of the £2 partial decay widths and branching ratios is necessary to
establish the actual fraction of detectable events from e+e" —t XiXr The results of this analysis
[46], are critically dependent on the physical x\ compositions and on the assumed s-fermion
spectrum of the theory. An example is given in fig. 16, where the m0 and tan/3 dependence
of the x\ branching ratios for all possible decays is shown for a typical scenario of interest for
LEP2 searches, i.e., fi = -mz and M2 = 1.5mz-
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Figure 17: Distributions of the most discriminating variables for the signal from
e+e~ —• X1X2 ~* Jet3 + missing momentum for cases (a), (b), (c) and (d) corre-
sponding respectively to (m,eo,m;jo)= (49.7, 107), (51.5, 85.2), (73.7, 89.8) and (56,
108.2) GeV. The distributions for signal (empty histogram) and the sum of the back-
grounds from standard physics processes (hatched histogram) are normalized to the
same integral.
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As already discussed in this report, a critical parameter for the detection of the neutralino
and chargino production is the mass splitting between the decaying particle and the lightest
neutralino. In the parameter region where Afj is much larger than both y, and % , the lightest
chargino and two lightest neutralinos are mainly higgsino-like and are nearly mass degenerate.
However the mass difference m^o - m ô is about twice as large as m$± — m^a [47]. This is
approximately true even after radiative corrections are included [48]. Since, in the case of
higgsino-like neutralinos, the cross section for the process e+e~ -+ X1X2 is large (of the order
of a pb), neutralino searches are very useful in studying a parameter region where chargino
identification can be problematic [47]. Notice also that the higgsino-like region (M2 > fi,mw)
is favoured by the present Rt, measurements at LEP1, as discussed in sect. 1.2.

Another neutralino channel that could be of interest for LEP2 is the radiative single-photon
process e+e" —> x°X°7i where a hard, large-angle photon accompanies the invisible x\ pair.
After applying typical experimental cuts on the photon, optimized for background suppression,

fi |(i.e., > 0.065, |cosft,| < 0.95, < 0.5), one finds rates up to 40 fb in
the gaugino regions, for moderate e masses [49]. Unfortunately, the corresponding rate of the
main background process, e+e~ —• iutvt, is about 900 fb and makes the radiative neutralino
production very hard to isolate.

1.6.1 Search Strategy for Neutralinos

We have investigated the possibility of detecting a signal from the X1X2 associate production
with the L3 experiment at i/s = 190 GeV [50]. We have studied detection efficiencies and
background rejection for the four points A, B, C, D of the MSSM, discussed in ref. [45], cor-
responding to the parameter region not covered by chargino searches, for which (m^o,771^0)=
(49.7, 107), (51.5, 85.2), (73.7, 89.8) and (56, 108.2) GeV.

The signal of XiXl associate production, with x° —* X? + 99 OT '+^~ decay, is a pair
of acoplanar jets or leptons and missing momentum from the two undetected x°'s- Since
the branching ratio of the xS m * n e hadronic or leptonic mode depends on the values of the
parameters, we have studied separately the detection efficiencies and background rejections for
the two modes.

We consider as background the known physics processes which can produce events with
acoplanar jets or leptons + missing momentum. They are (in parenthesis the total cross section)
e+e- _, qq-f (94 pb), WW (18 pb), Wev (0.92 pb), ZZ (1.1 pb), Zee (3.2 pb) and ee -> ee~n ->
/ / e e (3000 pb). The ee —» ee-yi —» / / e e process, hereafter called the 77 process, despite the
very large cross section, gives a negligible contribution to the total background, after the cuts
which we describe in the following.

The signal events were generated with SUSYGEN [30], while the backgrounds were gener-
ated with PYTHIA. The events were then passed through the standard simulation and recon-
struction of the L3 detector.
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In the hadronic events, we require at least 4 tracks and 10 calorimetric clusters. Hadronic
jets are reconstructed from the calorimetric clusters with the JADE algorithm, using j/cu(=0.02.
In order to reduce the background from WW (ZZ) with an isolated high momentum lepton in
the final state, we require that there are no isolated electrons or muons with momentum higher
than 20 GeV. In addition we require that there is no energy deposited in the very forward
detectors. This cut reduces mainly 77 and Zee events, where one or both of the electrons
are emitted in the very forward direction, and they can either hit the forward detectors or go
undetected in the beam pipe. To reduce events with particles escaping in the beam pipe (from
39(7), Zee, 77), we require that the longitudinal imbalance be less than 40% of the total visible
energy in the event. Exploiting the fact that the acoplanarity (defined as the complementary
of the angular difference in the transverse plane among the two highest energy jets) is typically
small for the background and large for the signal, we require the acoplanarity to be larger than
40°.

After the above cuts the most discriminating quantities are: (t) the hadronic mass, which
is usually large for most of the backgrounds and small for the signal; (it) the transverse imbal-
ance, usually smaller in the background than in the signal; (Hi) the polar angle of the missing
momentum. The distributions of the most discriminating variables for the neutralino signals
analyzed and the sum of the backgrounds are shown in fig. 17.

The requirement that the hadronic mass be between 5 and 50 GeV, the transverse imbalance
above 40% of the total visible energy, and the polar angle of the missing momentum point
between 20° and 160", reduces the detected background cross section to 16 fb while the signal
detection efficiencies is around 40% , almost independently of m ô and m^o. It should be noted
that, in the four cases analyzed, the TO^O — m ô mass difference is always above 15 GeV, so
detection efficiency is not problematic as it is in the low mass difference region (see sect. 1.3).

Similar cuts to those applied in the hadronic channel are used in the leptonic channel, where
two isolated electrons or muons are required. Cuts on the total energy, the longitudinal and
transverse imbalance, the angle of the missing momentum, the acoplanarity and the mass of
the lepton pairs allow to reduce the detected background cross sections to 25 fb and 20 fb for
acoplanar electron and muon events, respectively. The detection efficiency is 40% and 30% for
electrons and muons, respectively, almost independently of the neutralino masses and for mass
differences above 15 GeV.

We conclude that 300 (100) pb"1 allow to detect a XtXi signal in regions of the parameter
space were the signal production cross section is above ~ 100 (200) fb, for a m^o — rrâ o > 15
GeV.

1.6.2 Neutralinos in the NMSSM

The Next-to-Minimal SUSY Standard Model (NMSSM) is a simple extension of the MSSM,
obtained by adding a singlet superfield and by allowing only cubic superpotential couplings [51].
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Figure 18: Accessible parameter space at LEP2 (y/s = 190 GeV). The different shad-
ings denote regions where the yQproduction cross section is larger than 500, 200, and
100 fb (from dark to light). The contour line for m%± = 95 GeV is also shown.

It contains five neutralinos with mass eigenstates and mixings determined by the singlet
vacuum expectation value x and the couplings A and k in the superpotential, in addition to the
MSSM parameters Mi, Mi, and tan/?. Neutralino and Higgs sectors are strongly correlated in
the NMSSM. In scenarios with light singlet-like neutralinos there often exist also light Higgs
bosons with masses below the MSSM bounds. Contrary to the MSSM, the experimental data
do not exclude very light or even massless neutralinos and Higgs bosons [52].

Fundamental differences between the NMSSM and the MSSM scenarios may occur when
the neutralinos accessible at LEP2 have significant singlet components. Since the singlet super-
field with zero hypercharge does not couple to (s)fermions and gauge bosons, neutralino pair
production just differs because of the neutralino mixing.

For a typical NMSSM scenario, fig. 18 shows the areas of the parameter space not excluded
by LEP1, where at least one production channel with a visible neutralino reaches a cross section
above 100, 200 or 500 fb. In most of this region the lightest neutralino is singlet-like. A NMSSM
scenario could be tested even for parameter regions beyond the kinematical limit for chargino
production, e.g. in the large x domain. Here the lightest neutralino (assumed to be the LSP) is
very light (as 10 GeV) while the visible next-to-lightest neutralino is produced at LEP2 and may
be distinguished from the MSSM by its decay modes, as discussed below. On the other hand,
there exists a region in fig. 18, where a chargino and a neutralino in a corresponding MSSM
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scenario with ft = \x can be found, but for which in the NMSSM all light neutralinos have
singlet components large enough to suppress their production at LEP2. In general, however,
LEP2 considerably extends the parameter space which can be probed. In particular, small x
values (x < 80 GeV) can be excluded independently of the concrete NMSSM scenario if no
neutralino is found. On the other hand, one cannot expect a stronger lower bound on the
neutralino mass.

In order to estimate the prospects for identifying a NMSSM neutralino and distinguishing
between NMSSM and MSSM, an analysis of the dominant decay channels of the produced
neutralinos is essential. Compared to the MSSM, the decay of the next-to-lightest neutralino
into a Higgs boson plus the LSP and the loop decay into a photon and the LSP is enhanced
in typical NMSSM scenarios [53]. This happens because the singlet neutralino does not couple
to the gauge sector, but only to the Higgs sector for A ̂  0. Generally, the decay into a Higgs
boson becomes dominant if kinematically allowed. Then, depending on the parameters of the
Higgs sector, the Higgs may decay dominantly into 6-quark pairs, but also into two invisible
LSPs. If the next-to-lightest neutralino cannot decay into a Higgs boson, three-body decays
with a fermion pair and the loop decay with a photon in the final state become comparable. In
typical NMSSM scenarios as in fig. 18 the latter dominates for large rvalues and vice versa.
A detailed simulation study of these possibilities has not yet been performed.

In conclusion, it may be possible to distinguish a NMSSM neutralino from the minimal model
at LEP2 if the LSP is mainly a singlet and the next-to-lightest neutralino is pair produced at
the available center-of-mass energy. However unfavourable neutralino mixings may also prevent
the discovery of a NMSSM neutralino at LEP2.
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1.7 R-Parity Violation

The SUSY extension of the SM can contain the following renormalizable terms in the superpo-
tential [2] beyond those present in the MSSM:

+ K}kUQjDk + (1.5)

Here Qi,U{, A i Li and Ei (i = 1,2,3) denote the three generation quark and lepton superfields.
These terms are allowed by gauge symmetry but forbidden by R-parity conservation, with
R = (-.\ys+3B+L ^ g gjj^ £ representing spin, baryon and lepton number). The interactions
in eq. (1.5) lead in general to unacceptable rates for proton decay. However, if only a subset of
these terms were allowed, e.g. by imposing some discrete symmetries, the proton can be stable
but the superymmetric experimental signatures would be dramatically different. Examples
of such discrete symmetries are baryon parity, lepton parity [54] or family symmetries [55].
In this section we study the phenomenology of including .R-parity violating interactions. In
this analysis it is assumed that (i) for each process considered, no more than one of the 45
coupling constants in eq. (1.5) is non-vanishing and (ii) the LSP is the lightest neutralino. The
phenomenology of SUSY searches then changes in two important aspects.
(1) The LSP decays in the detector if any of the couplings in eq. (1.5) satisfies [56]

A > 8 x 10-6
v^r(m / /150GeV)2(45GeV/MLsp)6 / 2 ,

where 7£ is the Lorentz boost and mj is the relevant sfermion mass.
(2) At LEP200 single resonant sneutrino production can occur via the operators

"2,3

(1.6)

(1.7)

The resulting two sets of signals are discussed below.

MSSM-Production followed by LSP Decay. The MSSM production mechanisms are
unaltered by the operators of eq. (1.5). However, the final state now includes the decay of the
LSP, provided eq. (1.6) is satisfied. Thus the pair production of the two lightest neutralinos
leads to a visible signal. For LEP2 and LEP140 this has been discussed in detail in ref. [57].
Furthermore, the full LSP decay as described in ref. [58] is included in SUSYGEN [30]. It
should be clear that if the LEP2 energy is above any SUSY particle pair threshold, and no LSP
decay is detected, then all the R-parity violating couplings in eq. (1.5) can be excluded down
to the value given by eq. (1.6).

Resonant Sneutrino Production. The operator LiL2tzEi offers the unique possibility of
resonant sneutrino (£e) production. The BR(i>2,3 —» e+e") is strongly constrained by present
bounds [59] on the coupling constants of eq. (1.5). Thus the sneutrino typically decays via a
gaugino to an R-parity odd final state: &2,3 —» i ^ x ? or t^^Xi- The decay widths are given in
ref. [59]. Explicitly the amplitude squared for the chargino production (1.7) is given by:

t(Ml--t)
\R(s)\> K R(s)D(t)j l
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where R(s) = s-ml+iTpnii, D(t) = t-ml, and/(s,t,u) = ${Mx--s)-u(Mx--u)+t(Mx--
t). Here, j Via I2 < 1 is the gaugino fraction in the final state chargino, and t = (p(e~) — p(x))2-
The cross sections are plotted in fig. 19 as functions of mCc for -^/s = 190 GeV and A = 0.01.

The Xi will decay to e+e~u or e±e^3u. The signal consists of two charged leptons typically in
the same hemisphere and a large amount of missing pr- The chargino can either decay directly
via an R-parity violating coupling or it can decay to xl- The amplitudes squared for the R-parity
violating (LiLtEi) decay x~{k) -> e-(p1)n-(p2)e

+(p3) is given by (s = (fc + pi)2, t = (k-p2f)

\R(*)\2 ,
\D(t)\2

(1.9)

The branching fraction depends strongly on the size of A and on the kinematical suppression
due to the x? mass. In both cases the signal contains four charged leptons which should be
clearly visible. Thus the chargino production is preferable to the LSP production. Since the
cross sections are comparable, it is the main signal for R-parity violation.

1.8 Multi-mode Search for Minimal Supergravity at LEP2

We summarize in this section prospects for detecting SUSY at LEP2 assuming the paradigm
case of the minimal supergravity (SUGRA) model. We assume gauge coupling unification and
radiative EW symmetry breaking, along with universal soft SUSY-breaking terms at a GUT
scale Mx taken to be equal to the scale at which the U(\) and SU(2) gauge couplings unify.
The model parameters are thus m0, the universal scalar mass, mj/j, the universal gaugino mass,
Ao, the universal trilinear term, tan/3, the ratio of Higgs field VEVs, and the sign of the SUSY
conserving Higgsino mixing term ft. Along with m t, these parameters suffice to determine
the weak-scale sparticle masses and mixings, which in turn allow all sparticle and Higgs boson
production cross sections and decay modes to be calculated. This allows to delineate the regions
of parameter space accessible to searches at LEP2 and to distinguish the different SUSY signals
from one another. It also allows to compare the potential of LEP2 with that of the Tevatron
Main Injector pp collider, which is expected to begin collecting data around 1999.

The cross sections and decay modes have been embedded into the event generator ISAJET
[60], [30]. All allowed SUSY and Higgs boson production mechanisms for the sampled points
in SUGRA parameter space have then been generated, and compared against SM backgrounds
such as TT, WW and ZZ production. The latter two were calculated with complete spin
correlations using the HELAS [61] package. Further details and results may be found in ref.
[31], along with references to related studies.

In fig. 20, we show regions of the mo vs. mi/2 plane explorable at LEP2 given ,/s = 190 GeV,
and JCdt = 500 pb"1. In all frames, we take Ao = 0. In a), we take tan/? = 2, p. < 0, while in
b) we take tan/3 = 2 with /z > 0. In c), we take tan/9 = 10, /t < 0 and in d) we take tan/3 = 10,
Ii > 0. The regions denoted by TH are excluded by the theoretical constraints built into the
model, such as the requirement of radiative EW symmetry breaking. The region labelled EX
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Figure 20: Regions of the minimal supergravity parameter space explotable at LEP2
with y/i - 190 GeV.
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is excluded by experimental constraints. We have implemented various cuts designed to select
signal from SM background, and to separate SUSY processes from one another. In the lower left
regions, It —» e+e~ + ]j signals ought to be probed, whereas in the lower m ^ regions, chargino
signals should be detectable via mixed leptonic/hadronic signatures. In addition, some small
regions are noted where X1X2 c a n ^ e s e e n v ' a dilepton or jet signatures. If in fact a X1X2 sign*!
is seen, then it may be best to run LEP2 around y/s = 150 GeV, to eliminate backgrounds
from WW and possibly Zh production; then the tiny x?X? signal may be more easily examined
in a relatively background free environment.

Higgs boson masses are correlated with the rest of the sparticle mass spectrum, and Zh
production can be seen in significant regions of the tan/3 = 2 frames, h is somewhat heavier in
the tan/3 = 10 frames, and so energies in excess of y/s = 190 GeV will be needed in this case
to see it.

In fig. 21, we show the cumulative reach of various LEP2 upgrade options for SUSY particles
(excluding Higgs bosons), for y/s = 175 GeV and J Cdt = 500 pb"1 (dashed), y/s = 190 GeV
and JCdt = 300 pb"1 (dot-dashed), and y/i = 205 GeV and / Cdt = 300 pb"1 (dotted). Also
shown for comparison is the combined reach of Tevatron Main Injector era experiments (y/s = 2
TeV and / Cdt = 1000 pb"1) (dashed curve labelled by MI). We see regions of parameter space
accessible to LEP2 that the MI cannot explore, and regions of parameter space open to MI
that LEP2 cannot explore (except possibly via Higgs searches). These plots emphasize the
complementarity between the two colliders.

In addition, in ref. [31] one can find a study of the regions of parameter space explorable
via 3<+jets and clean 41 signatures (I = e or fi). Such events arise from eLen, x°X°> v,v,
production with various cascade decays. These reactions generally occur within subsets of the
regions of parameter space already delineated in fig. 20, and so give no additional reach for
SUSY, in the constrained SUGRA model under consideration. The detection of such events
is nonetheless important since it could serve to test the details of the underlying model. Also
ref. [31] contains the corresponding regions of parameter space accessible at LEP2 via search
for the lightest SUSY Higgs boson h. These regions can extend deep into parameter space;
however, over a wide range of parameters, the SUSY h would be very difficult to distinguish
from a SM Higgs boson.

2 New Fermions

2.1 Introduction

Figure 21: Cumulative reach of various LBPS options (and Tevatron MI) for SUSY
particles (excluding Higgs bosons).

In this chapter we concentrate on the LEP2 potential for discovering new fermions (elementary
or composite) other than those predicted by the MSSM. New quarks and leptons may arise in
a class of theories with quark-lepton unification [62, 63] or in those that endeavour to answer
questions about fermion masses and family replication [64, 62]. It is plausible that the symmetry
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structure of the theory may protect their masses to be comparable to the Fermi scale, and indeed
certain theoretical arguments [65] do indicate this to be true in a wide class of models. Excited
fermions, on the other hand, are natural corollaries of models where the SM fermions themselves
are composite particles rather than being elementary ones [66]. The mass gap is determined
by the compositeness scale, and, for a not too large value of the latter, may be bridged by the
LEP2 energy. In either case, then, looking for new fermions provides a probe of possible new
physics beyond the SM.

2.2 New Elementary Fermions

These may be subdivided into two categories :

• sequential, i.e. with gauge quantum numbers identical to the SM fermions [64], or,

• exotic [62, 67] i.e. all those fermions that have no analog in the SM. Popular examples
are provided by

- mirror fermions which have chiral properties exactly opposite to those of the SM
fermions;

- vector fermions, whose left- and right-handed components have identical gauge quan-
tum numbers; and

- singlet neutrinos, which have no coupling with the SM gauge sector except through
mixing, and consequently are the hardest to detect.

Since the SM gauge interactions of these new fermions are determined (apart from mixing
effects) by their quantum numbers, some of the strongest bounds can be inferred from the
absence of unexpected decay channels of the Z° at LEP. Thus, for all such fermions other than
singlet neutrinos, we have rrif > 45 GeV. At the Tevatron, though, stronger bounds (~ 85 GeV)
can be imposed on new quarks, provided they decay within the detectors [6, 68]. These bounds
are likely to improve with the new data. As lepton production at the Tevatron proceeds mainly
through Drell-Yan-like processes or through gauge boson fusion, the corresponding bounds
are expected to be somewhat weaker. However, such an analysis has not yet been reported
in the literature. LEP data, along with other low-energy measurements can also be used to
place strong bounds on the possible mixings that the new fermions may have with the SM
particles [69]. Certain indirect bounds can also be placed from precision EW measurements at
LEP as well as from some other low energy observables [70]. For example, the LEP bounds on
the oblique parameter S (equivalently £3) restricts the number of additional chiral generations
to be at most one.
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Figure 22: Left panel: mass reconstruction for NN for the process of eq. 2.2. Right
panel: the luminosity needed for heavy neutrino ha discovery, as a function of N-mass,
for v/J = 192 GeV. The limits for ifs = 175 GeV ore similar, but the mass reach is

2.2.1 Pair Production

Since the introduction of sequential fermions would still have all flavour changing neutral cur-
rents (FCNC) to be vanishing at the tree level1, at LEP2 such particles may only be pair-
produced2 through ^-channel diagram(s) mediated by f/Z. Keeping in mind the expected
improvement in the Tevatron bounds, it is thus not very interesting to look for heavy quarks
at LEP2. We may thus safely concentrate on lepton pairs only. Total cross sections are in the
range 1-4 pb until quite close to the kinematic limit.

The only tree-level decay mode for a fourth-generation lepton proceeds via the charged
current interaction. We then make the assumption that the dominant decay is to one of the
SM leptons and not to the heavy isospin partner. If the latter were the case, the partner itself
should be sought. It should be noted that even if the mixing angle (£) with the light leptons is
small, the heavy lepton would still decay within the detector provided C ̂  10~6.

While a heavy neutrino can be either a Dirac or Majorana particle, in this note we shall
concentrate on the former alternative. For, pair-produced Majorana neutrinos can be easily
distinguished by the tell-tale signature of like-sign dileptons with hadronic activity but without

1 While this is not strictly true fot the exotics, constraints [69] on FCNC imply that pair production dominates
over single production for much of the range mj < ^t.

'The only exception is the process e+e~ —> Nv for a heavy neutrino N which may proceed through a
t-channel W-exchange diagram. We shall discuss this case later.
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Figure 23: The effective cross section (at various cm. energies) for the processes of
eqs.2-4 and 2.1, after imposing the cuts of eqs.2.5 and 2.6 respectively.

any missing momentum. The backgrounds derive from two sources: (i) cascade decays of a
heavy quark pair (say 66 —» ce~vcqiq~j —* e~e~vv + jets) or (ii) effects like B-B mixing. They
could be eliminated by a combination of isolation cuts and imposition of an upper bound on
missing momentum. For a pair of heavy Dirac neutrinos the possible signals are

NN-

I? t L+ 2 jets+
• z+r/-/+ + 1

(2.1)
(2-2)
(2.3)

where pT denotes missing transverse momentum and the generation index i is determined by the
dominant mixing. In this study we concentrate on li = e//i as the efficiency for r-detection is
low. The purely leptonic channel contains two neutrinos, so mass reconstruction is not possible.
Both the other channels have been studied, and a typical mass reconstruction [72] is shown in
fig. 22. Derived from the 3/ + 2j channel, the events are selected by requiring enough hadronic
activity to form two jets plus three isolated leptons (< 5 GeV hadronic energy within a cone
of 30° around the track) above 3 GeV. The lepton (one of the two like-sign ones) associated
to the hadronically decaying W is identified by requiring it to have Ei ~ Euam — E^. The
hadronic energy is then improved by fitting to this relation, and the neutrino identified with
the improved p. Background from ZZ is further reduced by rejecting events in which the
same-flavour lepton-pair invariant mass is within 5 GeV of the Z-mass. Backgrounds from all
SM processes are estimated as 4.8 ± 2.0 events for 500 pb - 1 and signal efficiencies are around
25% (inclusive of branching ratio, cut efficiency and geometrical acceptance) over a wide range
of N-masses. The expected 5u discovery limits at 192 GeV are shown in fig. 22. While the
cross sections are larger for EE production, detection is more difficult. Since the distinctive
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Figure 24: Total cross section (a) and angular distribution (b) for the single production
of exotic leptons in association with their ordinary light partners at LEP2 with T/S =
190 GeV. The solid (dashed) lines are for first generation neutral leptons with a left-
handed (right-handed) mixing, the long-dashed-dotted line is for second/third generation
leptons with a left-handed or right-handed mixing, and the dotted (dot-dashed) lines are
for first generation charged leptons with a left-handed (right-handed) mixing. For the
angular distribution the symmetric solid curve is for a Majorana neutrino.

signature is
e+e" -> EE~ -> i>{viW

(")W(") -t 4 jets + pT, (2.4)

direct mass reconstruction is impossible and a detailed fitting procedure would be needed to
determine the mass. In fig. 23 we show the effective cross section [73], after the cuts

pr{j) > 5GeV, lOGeV, pT > lOGeV, 10° < 9j < 170°, 6jj > 30°, 0jt/ > 20°.
(2-5)

With these cuts the SM background (estimated with MadGraph and verified with GRACE)
falls to well below 1 fb. With an integrated luminosity of SOOpb"1, it should be possible to
probe up to TTIE « \A/2- With similar cuts,

PrO',0>5GeV, E(j) > lOGeV, 10° < 9jA < 170°, 9a > 30°, Bn,9h> 20", (2.6)

the AW channel yields the effective cross section also shown in fig. 23.
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2.2.2 Single Production

Introduction of exotic fermions, on the other hand, opens up the possibility of tree-level FC-
NCs. This has the immediate consequence of allowing single production of a heavy fermion
in association with a SM particle. While most such productions proceed through a 3-channel
^'-mediated diagram, for heavy leptons that have a direct coupling with the electron, there
is the additional contribution from (-channel diagrams (W-mediated for Nv production and
Z°-mediated for eE). For such leptons (to be called "first generation exotics" henceforth), the
production cross section can be significantly higher. In fig. 24, we exhibit the mass-dependence
of the cross section for various choices of exotic leptons [74]. To be concrete, the left- (right-)
handed mixing parameters are assumed to have the most optimistic value of £L,« = 0.1. As
we see from the figure, the cross sections for the "second and third generation" exotics are
below observable levels. As can be expected, the cross sections for quark-production (Qq) are
of similar magnitude. We thus reach the conclusion that irrespective of the quantum numbers
and the production mode, LEP2 is unsuitable for exploring possible heavy quarks.

While it is obvious that the El production cross section is very small and with LEP2 lumi-
nosities we can hope to gain over pair production only by a few GeVs, the signals, nonetheless,
are interesting. The heavy lepton E may now have both charged current (final state If+ 2 jets)
and neutral current (final state l+l~ + 2 jets) decays. The latter channel is better suited for
mass reconstruction. The main backgrounds arise from ivW and l+l~Z production respectively.
While these may be eliminated by simple cuts, the signal itself is reduced to uninteresting levels.

Returning to the first generation case, we may be more optimistic. Again N can decay both
through charged current (final state Iv + 2 jets) and neutral current (final state vv + 2 jets)
channels, the former being more suitable for mass reconstruction. Events are selected by
requiring an isolated identified charged lepton and missing momentum. Then the hadronic
activity (jets) is required to be consistent with an on-shell W, while the invariant mass of the
electron and jp is inconsistent with an on-shell W. The corresponding SM background (mostly
W+W~) is reduced to a very low level. The heavy neutrino mass is found from the invariant
mass of all the visible particles, see fig. 25(left), obtained from a full simulation in the OPAL
detector Monte Carlo [75]. Limits derived from a full simulation in the ALEPH detector Monte
Carlo, using a similar analysis, are shown in fig 25(right).

2.3 Excited Leptons

As the spectrum of the excited fermions (F") depends crucially on the dynamics of the particular
theory in question, the lowest lying excited states can have various spin and isospin quantum
numbers. In this study we shall restrict ourselves to spin 1/2 and isospin 0 or 1/2 (other cases
have been discussed in ref. [74]). If we assume that the excited states acquire mass above the
EW breaking scale (so as to motivate the rather large mass gap), they necessarily would have
vector-like couplings [76]. The alternative is to assume a chirality structure identical to the
ground state fermions. This is a more conservative choice from the experimentalist's point of
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Figure 25: The singly produced first generation heavy neutrino: reconstructed invariant
masses (left) with W+W~ background at 190 GeV, and (right) limits for 176 GeV

view as it leads to lower production cross sections. We shall examine both cases in some detail.

Apart from the gauge couplings (governed by the quantum numbers), these particles would
also couple to the ground states. As the relevant piece of the interaction Lagrangian has the
structure of a magnetic form factor, (and hence is of dimension 5), its strength is determined
by fi/A, where A is the compositeness scale and /< are dimensionless coupling constants that
may differ for the different gauge bosons. The presence of such couplings allow the excited
fermions to decay to their ground state partners and a photon (or gluon in case of quarks).

2.3.1 Pair Production

The pair production cross sections are dominated by ^-channel diagrams involving 7 and Z
exchange. While e* or i/* production can receive contributions from the magnetic piece of the
Lagrangian, for the allowed range of /; [6], these terms are non-negligible only for */s ~ A.
The production rates are thus similar to those for the heavy fermions. The presence of the
radiative decay modes thus provides us with tell-tale signatures, especially in the context of
LEP2. The SM background may be further reduced by imposing isolation cuts on the photons.
We examine below the specific case of I "I" production.

Events with two photons above 10 GeV and either two or four tracks are required, all
isolated from each other by a cone of at least 25°, with the exception of the track triplet,
that must be a r candidate. Signal events were simulated by smearing Monte Carlo 4-vectors
in accordance with the ALEPH detector resolution for tracks and photons, after appropriate
'losses', such as photon conversion. Background events were looked for, using standard EW
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Figure 26: Limits for excited lepton pairs, decaying radiatively at LEPS (190 GeV):
205 GeV is very similar, with more mass reach.

generators, and none were found, but the generators are not fully adequate to estimate the rate,
and the program of ref. [77] was used to confirm this prediction. Because of the predominance
of j/Z at masses below the nominal centre of mass energy, it is essential to use events in which
the visible energy is deficient; however, with energy- and momentum-conserving reconstruction
techniques [78], the energy, Eo, of the most energetic photon below the polar angular acceptance
threshold can be estimated, and used in reconstructing the event.

Additionally, when events with two energetic photons and two leptons are found, it is
required that there is one way of combining lepton and photon candidates such that the invariant
masses of the two lepton-photon pairs have a difference which is smaller than 2<r of the resolution
(improved by rescaling events, using energy- and momentum-conservation) as the t's produced
should be identical. There is significant background prior to this last cut, but after it the
background is very small, and the signal efficiency remains high: 67% for e*e* and fi'ji", and
50% for T"T~, which has poorer resolution. Limits for exclusion and discovery at ^/s = 190 are
shown in fig. 26.

2.3.2 Single Production

Occurring on account of the /; terms, these channels would allow us to probe for F" masses
close to the cm. energy. In fig. 27, we show the total cross sections for different choices of
vector-like excited leptons at a cm. energy of 190 GeV. The largest production rate occurs for
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Figure 27: Total cross section (a) and angular distribution (b) for the single produc-
tion of vector-like excited leptons in association with their ordinary light partners at
LEP2 with y/s = 190 GeV and A = 1 TeV. The solid (dashed) lines are for first gen-
eration charged (neutral) excited leptons and the dotted (dash-dotted) lines are for the
second/third generation charged (neutral) excited leptons.

the e* due to the i-channel photon exchange. Compared to the other charged leptons this has
a two-order of magnitude enhancement. An analogous statement may be made about u* (as a
consequence of the W exchange contribution) when compared to the other excited neutrinos.
Similar statements also hold for the chiral F", and, henceforth, we shall concentrate on this
possibility.

Charged excited leptons3 should be looked for by exploiting their electromagnetic decays
leading to a signal

e+e" -+ II" - l+r-r (2.7)

All signal and background (EW) events were fully simulated in the ALEPH detector Monte
Carlo. To qualify, an event had to be comprised of a dilepton pair in addition to one and
only one photon above 10 GeV. Isolation criteria were held to be the same as in the previous
section, and a possible low angle photon was reconstructed. Examples of the results are shown
in fig. 28. It must be borne in mind that the couplings /-,/A and /z/A are a priori different.
To eliminate one variable, the relationship used in ref. [66] was assumed. The lower sensitivity
for the T'T case is due to the greater difficulty in reconstructing the events.

For the particular case of e"e production, the photon and Z contribution can be unrav-
3Fot excited neutrinos, the situation is similar to that of exotic neutrinos (although the angular distributions

are different, as shown in fig. 27) and one has to look for evjj events. A detailed analysis has not been performed
here. Note that the single photon signal has a large associated background.
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Figure 28: Exclusion and discovery limits (at 190 and 205 GeV) in the mass-coupling
plane for singly produced chiral e*. The two sets derive from 2-track ("s-channel)
and 1-track ("t-channel) signals respectively, p'n limits are almost identical to e'e
(2-track), and T"T only a little worse.

eled by exploiting the difference in their angular distributions. Since the t-channel 7-exchange
diagram, unlike the others, gives a very forward peaked contribution, it dominates the config-
urations wherein one electron essentially disappears down the beam pipe. The final state is
thus of the form (e+)e~7 and the main background is from higher order processes in QED and
misidentifications. Following the analysis of ref. [78], the plane defined by the track and the
photon is required to be nearly normal to the beam axis and the polar angle corresponding to
the missing momentum is required to be less than 2°. Possibility exists though that the missed
electron had a polar angle of greater than 2° but was too slow to get into the main tracking
detector. This is taken care of by vetoing events with a large excess of hits in the inner tracker
(since this corresponds to a "spiralling" electron). The exclusion limit after the imposition of
these cuts is shown in fig. 28. As was indicated earlier, this particular configuration is much
more sensitive to the presence of e" than those where both the electrons are visible in the main
detector.
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2.3.3 Virtual Effects

While the single production channels raise the mass reach of the machine to nearly the kine-
matical limit, it is interesting to ask the question if one could explore masses beyond the cm.
energy, albeit at the cost of accommodating a somewhat larger coupling constant. The only
existing constraints for me. > 130 GeV are derived from one-loop corrections to low-energy ob-
servables such as g — 2 of the electron (see references quoted in [6]) and are subject to theoretical
uncertainties. AT LEP2, a particular window is provided by the possible t-channel exchange of
a virtual e*. The signal consists of a distribution of 2-photon final states that has an excess at
high polar angle (on account of the large mass of the e*), when compared to the EW expecta-
tion. In practice, 3-photon final states (first order initial state radiative correction) have to be
taken into account as well, and the analysis uses the two most energetic photons and the angle
between them in their centre of mass frame, 9". To perform a quantitative analysis, we adopt
the the maximum likelihood method [6]. The cross section is parametrized [79] in terms of the
e* mass and a dimensionless effective coupling A and the resultant expression compared to the
actual (simulated) data. Assuming an integrated luminosity of 500 pb"1, we find that for A = 1
one can achieve 95% C.L. mass exclusion limits of ~ 250(300) GeV at s/s = 190(205)GeV.

3 Leptoquarks

Leptoquarks carry, simultaneously, lepton and quark quantum numbers. They naturally appear
in unified and composite models [80] and mediate lepton-quark transitions. For this study we
adopt the phenomenological framework suggested in ref. [81] which involves a minimal number
of model assumptions. It is designed for spin 0 and 1 leptoquarks with the most general
dimensionless couplings to lepton-quark pairs which are SU(3)C x SU(2)L X U(l) symmetric,
family-diagonal, and baryon and lepton number conserving. The corresponding couplings to the
EW gauge bosons are given in ref. [82]. One can distinguish two classes of leptoquarks: color-
triplets with fermion number 2 decaying into lepton-quark final states and color-antitriplets
with fermion number 0 decaying into lepton-antiquark final states. The weak isospin varies
from 0 to 1. A complete list of the possible species and their quantum numbers can be found
in refs. [81, 82].

Experimentally, the existence of leptoquarks is constrained indirectly by low-energy data
[83] and precision measurements of the Z widths [84], and by direct searches at high energies
[85, 86, 87, 88]. In particular, rare processes and processes which are forbidden in the Standard
Model provide stringent bounds on ^—, where A denotes the leptoquark-fermion Yukawa
couplings. Essentially, below the TeV mass range and for A of the order of the electromagnetic
coupling, the only allowed leptoquarks are those which couple only to a single fermion generation
and, for the two lighter generations, either only to the left- or to the right-handed components.
HERA experiments exclude first generation scalar leptoquarks up to miQ = 250 GeV for A = e
(a = | j ) [85]. Bounds which are independent of A and therefore unescapable come from
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LEP and TEVATRON. The LEP experiments set a mass limit of 45.6 GeV for any leptoquark
species [86]. Searches with the DO detector exclude first generation scalar leptoquarks below
mLQ = 133 GeV [87], while the CDF experiment puts a bound on second generation scalar
leptoquarks at m-iq = 131 GeV provided these leptoquarks decay to electron (muon) plus jet
with 100% branching ratio [88]. Since there is at least one state in each isospin multiplet with
Br(LQ —* I + jet) > 0.5 where I = e or /*, the absolute lower mass limit for first (second)
generation scalar leptoquarks is 120 GeV (96 GeV), at least if the members of a multiplet are
nearly mass-degenerate. Otherwise, states decaying exclusively into v+ jet final states are only
required to respect the less severe LEP1 mass limit. For sufficiently small A, the LEP1 bound
is also the only one applying to third generation leptoquarks.

At LEP2, leptoquarks can be pair-produced via s-channel 7 and Z exchange and, in the
case of first generation leptoquarks carrying the electron number, also via t-channel exchange
of a u or <£-quark. The latter process involves the unknown Yukawa coupling A. The production
cross section depends very much on the leptoquark quantum numbers [82]. At y/s = 190 GeV
and for miQ = 80 GeV it varies from 0.04 pb for the scalar isosinglet S\ with charge — | to 12 pb
for the vector isotriplet J73 with charge + | (possible t-channel contributions are disregarded).
Here, we follow the notation introduced in [81]. Furthermore, leptoquarks in the LEP2 mass
range are very narrow. The partial width for a massless decay channel is expected to be of the
order of 100 MeV for A = e.

The signatures for leptoquark pair-production and decay are: i) two electrons (muons)
plus two hadronic jets; ii) one electron(muon), two hadronic jets, and missing energy; Hi)
two hadronic jets and missing energy; iv) two tau leptons plus two hadronic jets. Given the
Tevatron bounds pointed out above, the focus is on the last two signals. To estimate the
acceptance for leptoquark final states we have written a Monte Carlo program and generated
events for mLQ = 5 0 - 8 0 GeV, 0 < At,H/e < 1, and yfs~ = 150, 175 and 190 GeV. The
generator is based on the analytical formulae for cross sections and angular distributions given
in ref. [82]. Initial state radiation is included. Fragmentation is implemented according to
JETSET 7.3 [28].

The following background processes have been considered and generated for y/s = 150, 175
and 190 GeV using Pythia 5.7 [28]: e+e" -» W+W~, Wev, ZZ, Zee, and two-photon processes.
The numbers of generated events correspond to an integrated luminosity of 500 pb"1, except
for the two-photon processes, where they correspond to only 20 pb"1. The events were passed
through the standard L3 simulation and reconstruction program [89].

Two electrons (muons) and two jets

The signal events are required to consist of two energetic electrons (muons) with energies
greater than 20 GeV, and two hadronic jets. Furthermore, we require the total visible energy to
be greater than 0.9 x y/s. The ZZ background is suppressed by demanding that the invariant
mass of the two leptons is outside the Z mass window. Since this cut is not efficient if one
Z bosons is produced off-shell, we require in addition that the difference between the two
reconstructed leptoquark mass values is less than 4 GeV. The masses are determined using
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energy-momentum conservation. We find that the mass of an 80 GeV leptoquark of the first
generation can be reconstructed with a resolution of about 0.5 GeV.

One electron (muon) and two jets

In this channel, we require the events to consist of one energetic electron (muon) with energy
greater than 20 GeV, and two hadronic jets. Furthermore, we request the total visible energy
to be greater than 0.5 x y/s and less than 0.9 x y/s. The WW and Wev backgrounds are
suppressed by demanding that the invariant masses of the two jets and of the lepton-neutrino
pair is outside the W mass window, and that the difference between the two reconstructed
leptoquark mass values is less than 8 GeV. In order to calculate the leptoquark masses, we
determine the missing momentum from energy-momentum conservation. The leptoquark mass
resolution turns out to be about 2 GeV.

Two neutrinos and two jets

This is a particularly important channel. The signal events are selected by requiring that
the event consists of two hadronic jets with a total energy less than 0.8 x y/s and that it contains
no electrons with energy greater than 20 GeV. Furthermore, the event multiplicity has to be
greater than four, and the polar angle of the missing momentum has to be larger than 30° or
less than 150°. The background in this channel is composed of ZZ events with one Z boson
decaying into two neutrinos, WW and Wev events with one W boson decaying hadronically,
and two-photon events. To remove the two-photon events, we require the total energy in the
event to be greater than 0.4 x y/s, and the minimal jet energy to be greater than 10 GeV. The
background from events in which some particles are not correctly reconstructed in the detector
is removed by demanding the calorimetric energy in a 30° cone around the missing momentum
to be less than 1 GeV. No charged track must be found in this cone. We find about ten ZZ,
WW and Wev events which survive the above cuts. These can be removed by a cut on the
invariant jet-jet mass, Mjjjpr < min(y/s — mz, mw) — 10 GeV.

Two tau leptons and two jets

This signal is the most difficult one to recover from the WW, ZZ, and Wev background.
We require that the event consists of four jets, with a minimal jet energy greater than 8 GeV
and two jets having multiplicity one. Furthermore, the total energy in the event must be
greater than 0.5 x y/s and less than 0.9 x y/s. Finally, we look for the most isolated track
with momentum greater than 3 GeV, and require that there is no other track inside a 20° cone
around this track. The calorimetric energy inside that cone has to be more than 5 GeV, and
the difference of the calorimetric energies in the 30° and 20° cones around the track has to be
less than 1 GeV.

Table 4 shows the estimated acceptance and number of surviving background events for
different leptoquark decay channels. Using these numbers and the leptoquark production cross
sections, we estimated the 5c discovery limits as a function of the integrated luminosity. Some
illustrative results are shown in fig. 29. Note that the large variation of the discovery limit for
the first generation leptoquark Sj is mainly due to the variation of the Yukawa coupling A.
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Figure 29: 5<r discovery limits for a) 5f at 175 GeV, b) SJ at 190 GeVtaking Br(Sl ->
vTb) = 1, c; SI (4/3) at 150 GeV, and d) U? at 150 GeV. The shaded areas show the
effect of varying the Yukawa couplings Afi.t/e from zero to unity, and the acceptance
within the estimated range given in table 4-
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Decay
Channel
e+e-qq

evqq
li+lt-qq

fiuqq
uuqq

T+T-qq

Acceptance (%) for
50 < MLQ < 80 GeV

39 to 45
22 to 25
42 to 48
22 to 25
20 to 23
11 to 12

Background
at 150-190 GeV

0-1 ZZ
3-5 WW

0
4-6 WW

1 2-f, 1-3 ZZ,WW,Weu
10-13 WW,ZZ

Table 4: Acceptance and number of background events for different leptoquark signals
assuming an integrated luminosity of 500 p6 - 1 .

To summarize, a feasibility study on the search for leptoquarks at LEP2 with the L3 detector
has been carried out. We have considered different leptoquark species and signatures. The main
result is that after applying the appropriate cuts all signals except the one in the rr plus two-
jet channel are practically background-free. In the latter case, we expect 10 to 20 background
events for 500 pb"1. Since the existing mass limits for leptoquarks decaying into electron
(muon) plus jet are already beyond the LEP2 energy range, the leptoquark species relevant for
LEP2 searches are those which decay into T plus jet and v plus jet.

4 The BESS Model for Dynamical EW Symmetry Break-
ing

It is a common theoretical idea that the parameterization of the mechanism of EW mass gen-
eration in terms of scalar couplings may be the effective low-energy manifestation of more
fundamental dynamics. The new dynamics may, for instance, have the form of a new strong in-
teraction [90], [91]. The idea which leads to the formulation of the BESS model (Breaking Elec-
troweak Symmetry Strongly) [92] assumes the existence of a strongly interacting longitudinal-
scalar sector, and enables one to parametrize the most relevant phenomenological effects, with-
out assuming an explicit dynamical realization.

We discuss the sensitivity of LEP2 to possible new physics from a strong EW symmetry
breaking sector. The model proposed in ref. [92] is an effective lagrangian description of
Goldstone bosons and new vector resonances as the expectedly most visible manifestations
at low energy of the strongly interacting sector. In particular we will focus on the case in
which the new resonances are degenerate in mass (neglecting the weak corrections) [93]. This
degenerate model has the interesting feature of allowing for a strong EW resonant sector at
relatively low energies, while satisfying the severe constraints from existing LEP, SLC and CDF
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Figure 30: 95% C.L. upper bounds on g/g" vs. M from LEP1 data (continuous line)
and CDF data (dotted line) compared with the expected bounds from LEPZ (dashed
line).

data. This type of realization corresponds to a maximal symmetry [527(2) ® SU(2)]S. After
gauging the standard SU(2) ® U(l), the model describes the ordinary standard gauge bosons
W±, Z and 7 and, in addition, two new triplets of massive gauge bosons, L*, L3, i?*, R3,
self-interacting with gauge coupling constant g". These heavy resonances, as a consequence of
the chiral symmetry, are degenerate in mass M in the g" —» 00 limit. The main property of the
degenerate BESS lagrangian is that it becomes identical to that of the Standard Model (taken
in the formal limit of infinite Higgs mass) for M —> 00. Therefore, differently from ordinary
BESS, the heavy mass decoupling occurs. Concerning the couplings to fermions, we do not
introduce extra parameters. In this way the new bosons are coupled to fermions only through
the mixings with the ordinary gauge bosons. The peculiar feature of degenerate BESS is that
for any M the new bosons are not coupled to the Goldstone bosons which are absorbed to
give mass to W* and Z. As a consequence, the channels WLZL and WLWL are not strongly
enhanced as it usually happens in models with a strongly interacting symmetry breaking sector
and this implies larger branching ratios of the new resonances into fermion pairs. Degenerate
BESS would thus be much more evident experimentally than ordinary BESS, at the appropriate
energy, but at the same time much less constrained by existing EW limits.

Let us now discuss how new resonance effects modify the observables which are relevant for
the physics at LEP and Tevatron. For LEP physics the modifications due to heavy particles
are contained in the so-called oblique corrections. In the low-energy limit, one can expand
the vacuum polarization amplitudes in q2/M2 where M is the heavy mass, and they can be
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parametrized, for example, in terms of the e parameters [12,15]. At the leading order in q2/M2

the new contribution of the model to all these parameters is equal to zero. This is due to
the fact that in the M —» 00 limit, the new states decouple [93]. We can perform the low-
energy limit at the next-to-leading order and study the virtual effects of the heavy particles.
Working at the first order in 1/g"1 we get ex = - (c j + s\)/(c\) X, e2 = -<?, X, e3 = -X with
X = 2(mz2/M2)(g/g")i. All these deviations are of order X and therefore contain a suppression
both from mz2/M2 and (g/g")2. The sum of the SM contributions, functions of the top and
Higgs masses, and of these deviations has to be compared with the experimental values for the e
parameters, determined from the all available LEP data and the mw measurement at Tevatron
[94]: ei = (3.8 ± 1.5) • 10"3, e2 = (-6.4 ± 4.2) • 10"3, e3 = (4.6 ± 1.5) • 10"3. Taking into account
the SM values («I) 5 M = 4.4 • 10"3, (et)su = -7.1 • 10"3, (e*)SM = 6.5 • 10"3 for m, = 180 GeV
and TOJJ = 1000 GeV, we find, from the combinations of the previous experimental results, the
95% CL limit on g/g" versus the mass M given by the solid line in fig. 30. The excluded region
is above the curve. We see that there is room for relatively light resonances beyond the usual
SM spectrum. The same analysis done for the ordinary BESS model gives bounds which are
much more stringent (g/g" < 0.03 for any value of M). In fig. 30 the limits on the degenerate
model parameter space derived from CDF data are also shown (dotted line). The curve was
obtained using the CDF 95% C.L. limit on the W cross section times the branching ratio and
comparing this limit with the predictions of our model. The limit from CDF is more restrictive
for low resonance masses with respect to the LEP limit.

Concerning the bounds which would come from LEP2 assuming no deviations from the SM
within the estimated errors, we have analyzed cross sections and asymmetries for the channel
e+e~ —» / + / ~ in the SM and in degenerate BESS at tree level. We have first considered the
following observables: total hadronic and muonic cross sections ah, cr11; the forward-backward
asymmetries A'Fg ~IX ** , -A^"*56; mw measurement. In fig. 30 we show LEP2 limits ob-
tained considering y/s = 175 GeV and an integrated luminosity of 500P&"1, combining the
deviations coining from the previous observables (dashed line). For mw we assume a total
error (statistical and systematic) Amw = 50 MeV. For o-h the total error assumed is 2%. For
all the other observable quantities we assume only statistical errors. The comparison with the
bounds from LEP and CDF shows that LEP2 will not improve the existing limits on degener-
ate BESS (the same conclusions hold for the ordinary BESS model). We have also considered
the possibility of having polarized beams at LEP2 by analyzing the left-right asymmetries:
A'LR ~">'+'' . -Aifl^k, •AiR~~had. However the improvement with respect to the unpolarized
case is only marginal. Moreover considering the option of LEP2 at y/s = 190 GeV does not
modify the result in a significative way.

5 Virtual Effects

This section is devoted to the study of virtual effects from new physics in the cross section
for W+W~. We have focused on two simple SM extensions: i) the SM plus an ex-
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tra doublet of heavy quarks, exact replica of the SM counterparts as far as their EW and
strong quantum numbers are concerned; n) the MSSM with relatively heavy (above the pro-
duction threshold) EW gauginos and higgsinos, and very heavy (decoupled) squarks, sleptons
and additional higgses. In both models the 1-loop corrections to the process in question are
concentrated in vector-boson self-energies and three-point functions, which makes it possible
to analyze the interplay between the two contributions. Box corrections are obviously absent
in the first model, while they are negligibly small in the second case, provided that the scalar
masses are sufficiently large. Then the only relevant contributions remain those of gauginos
and higgsinos to vertices and self-energies.
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Figure 31: Relative deviations in the differential cross section, due to gauginos con-
tribution (LL channel) for M2 = 150, 300, 600, 1000 GeV

To avoid conflicts with the LEP1 constraints on the e parameters [12, 15], we consider
the new doublet in i) as mass degenerate [95]. Model ii) respects LEP1 bounds for arbitrary
masses of the new particles, except for the case when they are very light and close to the
production threshold of LEP1 [96]. However for practical purposes we have considered the
case of degenerate EW gauginos of mass Af2 and degenerate higgsinos of mass fi, in which the
mixing terms among gauginos and higgsinos are negligible (Mj,fi » raw)-

After the inclusion of the 1-loop corrections due to the new particles and of the appropriate
counterterms, the reduced amplitude for the process at hand is (following the conventions of
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ref.[97]):

•AA = ±2

• |AA| <

M = -
• 2 a u f f r

sin 8
cos 20 1 + P2 - 2/3 cos 0

(5.1)

with /? = (1 — 4m2
v/.s)1/2, 0 is the scattering angle of W~ with respect to e~ in the e+e~ cm.

frame; <r, <7, A, A are the helicities for e~,e+, W~ and W+, respectively; Aa = o- — a; A\\, A\\,
Bxx and Cx\ are tree-level SM coefficients listed in table 3 of ref. [97]; Aa(s), Ak(s), Ap(s),
Arw are finite self-energy corrections, appropriate extensions to the center of mass energy
^/l, of the corresponding EW parameters defined in [96, 12, 15] and e6 is the wave function
renormalization of the external W' s lines. Finally, t>A\\ and SAf^ represent the corrections to
the trilinear gauge boson vertices. For the models considered, they can be expressed in terms
of the (7P-invariant form factors 6f?'z (i = 1, ...,4) according to the relations:

6AX_ = &A£.

with 7 = v/J/2mn^. Here 5/ ;
v (i = 1, ...,4) (V = 7, Z) includes both the contribution coining

from the 1-loop correction to the vertex VWW and the wave-function renormalization of the
external W legs, taken on the mass-shell. This makes the terms 8fY finite.

The tree-level SM amplitudes are recovered from the above formulae by taking Aa(s) =
Ak(s) = Ap(s) = Arw = ee = SA"1^ = SAf^ = 0. In the high-energy limit, the individual
SM amplitudes from photon, Z and u exchange are proportional to 72 when both the W are
longitudinally polarized (LL) and proportional to 7 when one W is longitudinal and the other is
transverse (TL). The cancellation of the 72 and 7 terms in the overall amplitude is guaranteed
by the tree-level, asymptotic relation: A^ = Af% = B^.

When one-loop contributions are included, one has new terms proportional to 72 and 7
(see SA^ and SA^\ in eq. (5.3)) and the cancellation of those terms in the high-energy limit
entails relations among oblique and vertex corrections. Omitting, for instance, the gauge boson
self-energies such cancellation does not occur any longer and the resulting amplitudes violate
the requirement of perturbative unitarity.
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On the other hand, one of the possibilities to have appreciable deviations in the cross
section is to delay the behaviour required by unitarity. This may happen if in the energy
window mw « \/s < 2M (M denoting the mass of the new particles) the above cancellation
is less efficient and terms proportional to positive powers of 7 survive in the total amplitude.
Only if 7 were sufficiently large, beyond the LEP2 value, could sizeable deviations from the SM
be expected.

Figure 31 shows the relative deviation from SM results [98]

AR =

) _ (__
dcosQJ \dcosQ

(5.4)

dcos@JSM

in model ii), relative to the LL channel, as function of cos 0 at y/s = 200 GeV for several
values of the gaugino mass M2 and negligible higgsino contribution (fi > M2 > raw)-

The deviations, even in the most favourable case M2 = 150 GeV, are unobservable, being
smaller than 3.0 • 10~3 [99]. Similar magnitudes have been found for the channels TL and TT
and when the higgsino contribution is singled out. Only when one considers SUSY particles
very close to the production threshold (e.g. M2 = 105 GeV at y/s = 200 GeV), deviations of
the order 1% are obtained. When model i) is considered, the deviations at LEP2 are at the
percent level in the LL and TL channels, even smaller in the TT one and in any case well below
the observability level.

Finally we would like to mention that at higher energies ( y/s = 500 GeV or even more) the
deviations AR in model ii) remain at the percent level, making questionable the possibility of
observing such effect even in next generation e+e~ colliders [100]. While more interesting is the
case of model i), in which a delay of unitarity in the LL, LT channels, due to 7 enhancement
factor, gives deviations from SM of the order 10-50 %, for a wide range of new particles masses.

6 CP-odd Correlations at LEP2

Unpolarized (and transversely polarized) e+e~ collisions can be used for genuine tests of CP
invariance at high energies (see, for example [101]). We envisage here statistical tests with
observables which change sign under a CP transformation. Measurement of a non-zero mean
value of such an observable would signal violation of this symmetry. At LEP2 energies heavy
fermion production, i. e. tau pair and bb production appear to be interesting channels for such
tests (for the case of W+W~ production, see ref. [102]). It is possible to conceive that non-
standard CP-violating interactions induce substantially larger effects for heavy fermions than
for light flavours. Moreover, a study of various non-standard models of CP violation shows
that models with leptoquark mediated CP violation may induce form factors d^'"1 as large as
10~18ecm at LEP2 energies [103].
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The first CP symmetry tests at high energies were made by the OPAL and ALEPH collab-
orations for tau pair production at LEP1. These experiments also obtained an upper bound
on the CP-violating weak dipole form factor of the tau lepton [104, 105]. The combined OPAL
and ALEPH measurements at the Z resonance yield [106] \Red?(y/s = mz)\ < 6.7 x 10~l8ecm
(95 % C.L.). There is a direct bound on the tau electric dipole moment (EDM), |Redj:(.s =
0)| < 4 x 10-16ecm (95 % C.L.), from rrj events at LEP1 [107]. The most stringent bound on
the electric dipole moment (EDM) form factor, \d%{y/$ = mz)\ < 5 x 10~17ecm (2a-), has been
derived indirectly [108]. However, one can imagine models [101] which invalidate the arguments
used for deriving indirect bounds on CP-violating form factors.

Here we wish to point out that, in spite of the limited statistics, one can perform CP tests
in tau pair production also at LEP2. These tests are useful because they would provide direct
information on the weak and EDM form factors at about twice the energy of LEP1.

We consider tau pair production with unpolarized e+e~ collisions at LEP2 energies and
their subsequent decays into the following channels:

) + +) + X, (6.1)

where the 3-momenta refer to the overall cm. frame and A,B = l,n,p,ai (p and a! also
denote the 2rr and 3ir states, respectively). CP symmetry tests which are experimentally rather
straightforward involve CP-odd observables O(q+ ,q_) = — O(—q_,-q+) depending on the
momenta of the charged particles in the final state. A detailed analysis with simple observables
of this form has been performed in ref. [109] for the channels (6.1). Repeating this analysis at
A/S = 190 GeV and assuming an integrated luminosity of 500 (pb)'1 we find that with these
observables one can test the real parts of the weak and EDM dipole form factors with the
following accuracies:

f 1 9 0 GeV) ~ 3.1 x 10-17ecm (2<r), (6.2)
190GeV) ~ 5.1 x 10-16ecm (2<r). (6.3)

The considerably smaller statistics at LEP2 is only partially compensated by the increase in
sensitivity to the form factors at higher cm. energies.

However, one can do better. For the channels with only two neutrinos in the final state the
tau direction of flight can be reconstructed up to a two-fold ambiguity. This ambiguity can
in principle be resolved [110]; its resolution is, however, not absolutely necessary (for details,
see ref. [104]). In the following we assume that the r* directions of flight are known. The
T + momentum direction in the overall cm. frame is denoted by k. Then one finds that the
following CP- and T-odd observables involving the r* spins (<TJ± are the Pauli matrices with
± refering to the respective spin spaces, and p is the direction of the incoming positron),

Ox = (p x k) • (<r+ - „_) , (6.4)

02 = k-<r+(p x k ) o - _ - k < r _ ( p x k)-o-+, (6.5)

are suitable for tracing the above form factors. We find that Q\ is mainly sensitive to Re if,
whereas Oi is mainly sensitive to RerfJ. Needless to say the tau spins are analysed by the
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decay distributions of the charged prongs. (The distributions are given, for example, in ref.
[109].) Moreover one can use optimized observables O; —> O^ with maximal signal-to-noise
ratio. At v^s=190 GeV and with an integrated luminosity of 500 (p6)-1 we find that with these
observables, using the channels A,B = n,p,ai, the following sensitivities can be reached:

190GeV) ~ 2.7 x 10"17ecm (2<r), (6.6)
190GeV) ~ 4.9 x 10"17ecm (2(r). (6.7)

We mention that one can find spin-momentum observables whose expectation values are pro-
portional to the imaginary parts of the form factors.

Also of interest are searches of non-standard CP violation in the reactions e+e~ —* 66 gluon(s)
3jets. (For details, see ref. [111].) Here one would be sensitive to CP-violating but chirality-
conserving form factors of the "jbbg and Zbbg vertices. However, due to the small number of
events at LEP2, assuming an integrated luminosity of 500 (pb)~l, the sensitivity to these form
factors at ^/s = 190 GeV is smaller by a factor of four as compared to the sensitivity at the Z
peak.

In conclusion, measurements of CP-odd correlations in tau pair production at LEP2 would
test the weak dipole form factor <£f with a sensitivity slightly below the accuracy reached at
LEP1, but at higher energy. In addition, one can probe the EDM form factor d*l directly,
and with better sensitivity than the direct test at LEP1. Essentially the same conclusions are
reached at ^/s = 175 GeV assuming the same integrated luminosity.
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1 Introduction

Present measurements of the vector boson-fermion couplings at LEP and SLC accurately con-
firm the Standard Model (SM) predictions at the 0.1 - 1% level [1], which may readily be
considered to be evidence for the gauge boson nature of the W and the Z. Nevertheless the
most crucial consequence of the SU(2) x U(l) gauge theory, namely the specific form of the
non-Abelian self-couplings of the W, Z and photon, remains poorly measured to date. A direct
and more accurate measurement of the trilinear self-couplings is possible via pair production
of electroweak bosons in present and future collider experiments (W+W~ at LEP2, Wy, WZ
and W+W~ at hadron colliders).

The major goal of such experiments at LEP2 will be to corroborate the SM predictions. If
sufficient accuracy is reached, such measurements can be used to probe New Physics (NP) in
the bosonic sector. This possibility raises a number of other questions. What are the expected
sizes of such effects in definite models of NP? What type of specifically bosonic NP contribu-
tions could have escaped detection in other experiments, e.g. at LEP1? Are there significant
constraints from low-energy measurements? Although we shall address these questions, the
aim of this report is mostly to elaborate on a detailed phenomenological strategy for the direct
measurement of the self-couplings at LEP2, which should allow their determination from data
with the greatest possible accuracy.

2 Parametrization, Models and Present Bounds on TGC

We shall restrict ourselves to Triple Gauge boson Couplings (TGC) in most of the report (possi-
bilities to test quartic couplings at LEP2 are extremely limited). Analogous to the introduction
of arbitrary vector and axial-vector couplings gv and g* of the gauge bosons to fermions, the
measurements of the TGC can be made quantitative by introducing a more general WWV
vertex. We thus start with a parametrization in terms of a purely phenomenological effective
Lagrangian 1 [2, 3] [V = 7 or Z]

V" (1)

Xy - W-"(d'W+v)) V

+ d"V») - ^

which gives the most general Lorentz invariant WVTF vertex observable in processes where the
vector bosons couple to effectively massless fermions. Here the overall couplings are defined as
gww-i = e and gwwz = ecoiOw, W^, = d^Wv — d^W^, and V^ — c^K, - dJV^. For on-shell

lWe use e 0 1 " = 1.
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photons, gl[(q2 = 0) = 1 and gj(q2 = 0) = 0 are fixed by electromagnetic gauge invariance 2

Within the SM, at tree level, the couplings are given by gf = gi = KZ = *-, = 1, with all other
couplings in (1) vanishing. Terms with higher derivatives in (1) are equivalent to a dependence
of the couplings on the vector boson momenta and thus merely lead to a form-factor behaviour
of them. We also note that g^, ity and Ay conserve C and P separately, while g\ violates C
and P but conserves CP. Finally g%, ky and Ay parameterize a possible CP violation in the
bosonic sector, which will not be much studied in this report, as it may be considered a more
remote possibility for LEP2 studies 3. However, there exist definite and simple means to test
for such CP violation, see section 3. The C and P conserving terms in Ce^

 7 correspond to the
lowest order terms in a multipole expansion of the W—photon interactions: the charge Qw,
the magnetic dipole moment pw and the electric quadrupole moment qw of the W+ [5]:

Qw = flW = flr = - (2)

For practical purposes it is convenient to introduce deviations from the (tree-level) SM as

Afff = (flf - 1) = tan 6W6Z , AK 7 = (K7 - 1) = xy , (3)

AKZ = (KZ — 1) = tan Bw(xz + Sz) ,

X^ = y,, Xz = tan $w yz •

For completeness (and easy comparison) the correspondence of the most studied C and P
conserving parameters has also been given for another equivalent set {Sz, xy, yy), which was
used in some recent analyses [6, 7].

2.1 Gauge-invariant Parametrization of TGC

Any of the interaction terms in (1) can be rendered SU(2) x (7(1) gauge invariant by adding
to it interactions involving additional gauge bosons [8], and/or additional Would Be Goldstone
Bosons (WBGBs) and the physical Higgs (if it exists)[9,10,11]. However, one needs to consider
517(2) x (7(1) gauge invariant operators of high dimension in order to reproduce all couplings
in (1). For example, if the Higgs particle exists one needs to consider operators of dimension
up to d = 12. Depending on the NP dynamics, such operators could be generated at the NP
mass scale Ajyj>, with a strength which is generally suppressed by factors like (mw/ANp)d~4 or
(V/S/AATP)<'-4 [12, 13]. Accordingly, the gauge invariance requirement alone does not provide
any constraint on the form of possible interactions. Rather it is a low energy approximation,
the neglect of operators of dimension greater than 4 or 6, which leads to relations among the
various TGCs.

Such relations among TGCs are highly desirable, given the somewhat limited statistics
accessible at LEP2. They were first derived in [14, 8] by imposing approximate global 5(7(2)

'For q1 / 0 deviations due to form factor effects ate always possible, see section 2.4 below in this connection.
3Data on the neutron electric dipole moment allow observable effects of e.g. K7 at LEP2 only if fine tuning

at the 10"3 level is accepted [4].
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symmetry conditions on the phenomenological Lagrangian (1). In the next subsection we
present them following an approach based on 5(7(2) x U(l) gauge invariance and dimensional
considerations. The connection to the approach based on "global 51^(2)" symmetry will be
discussed at the end.

In order to write down all allowed operators of a given dimensionality one must first identify
the low energy degrees of freedom participating in NP. We assume that these include only
the 517(2) x (7(1) gauge fields and the remnants of the spontaneous breaking of the gauge
symmetry, the WBGBs that exist already in the standard model. If a relatively light Higgs
boson is assumed to exist, then NP is described in terms of a direct extension of the ordinary
SM formalism; i.e. using a linear realization of the symmetry. On the other hand, if the Higgs
is absent from the spectrum (or, equivalently for our purpose, if it is sufficiently heavy), then
the effective Lagrangian should be expressed using a nonlinear realization of the symmetry.

2.1.1 Linear Realization

In addition to a Higgs doublet field $ , the building blocks of the gauge-invariant operators are
the covariant derivatives of the Higgs field, D^i, and the non-Abelian field strength tensors
W^ = W^ - gWp x Wv and B^ of the SU(2)L and U(l)y gauge fields respectively.

Considering CP-conserving interactions of dimension d = 6, 11 independent operators can
be constructed [15, 9, 10]. Four of these operators affect the gauge boson propagators at tree
level [16] and as a result their coefficients are severely constrained by present low energy data
[9, 10]. Another subset of these operators generates anomalous Higgs couplings and will be
discussed in section 10.4 below. Here we consider the three remaining operators which do
not affect the gauge boson propagators at tree-level, but give rise to deviations in the C and
P-conserving TGC. Denoting the corresponding couplings as awt, a ^ , and aw, the TGC
inducing effective Lagrangian is written as

+ • ViD^+g- •w „ (W , x W „),
jy W jy

(4)
with g, g' the SU(2)i, and U(\)y couplings respectively. Replacing the Higgs doublet field by
its vacuum expectation value, iT —» (0,z>/\/2), yields nonvanishing anomalous TGCs in (1),

= — ^ ( A K Z - Agf)
sw

= Xz - aw , (5)

where sw = sinfljv, cw = cosfljv- The normalization of the dimension 6 operators in (4) has
been chosen such that the coefficients a; correspond directly to AK 7 and A7. It should be noted
that, as the NP scale AJVP is increased, the a; are expected to decrease as (m-w/^Np)2-

This scaling behaviour can be quantified to some extent by invoking (tree-level) unitarity
constraints [17,18,19,13]. A constant anomalous TGC leads to a rapid growth of vector boson
pair production cross-sections with energy, saturating the unitarity limit at \/s = Ay. A larger
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value of Ajr implies a smaller TGC a,-. For each of them the unitarity relation may be written
as [17, 18]

For any given value of ai the corresponding scale Av provides an upper bound on the NP scale
Attp. Conversely, a sensitivity to small values of an anomalous coupling constant is equivalent
to a sensitivity to potentially high values of the corresponding NP scale. Applying (6) for
Ay = 1 TeV, we get \aw\ — 0.12, \awt\ — 0.1, |a.B«| — 0.3. Since these values are larger
than the expected LEP2 sensitivity by less than a factor 3, it is clear that LEP2 is sensitive to
Atip ^ 1 TeV. Thus a caveat is in order: for these low values of AJVP the neglect of dimension
8 operators may no longer be justified, leading to deviations from the relations (5)[20].

2.1.2 Nonlinear Realization

In the absence of a light Higgs a non-linear approach should be used to render CY)?V 6a u6e

invariant. The SM Lagrangian, deprived of the Higgs field, violates unitarity at a scale of
roughly4 4TV ~ 3 TeV, so that the new physics should appear at a scale ANP SS 4iru. Technically
the construction of gauge-invariant operators follows closely the linear case above, except that
in place of the scalar doublet $ a (unitary, dimensionless) matrix U = exp(«2 • f/u), where the
u>; are the WBGBs, and the appropriate matrix form of the SU(2)L X U(1)Y covariant derivative
are used. The so-called "naive dimensional analysis" (NDA) [22] dictates that the expected
order of magnitude of a specific operator involving b WBGB fields, d derivatives and w gauge
fields is ~ v2\2

NP (1/vf (1/ANPY (g/A.NP)a. Applying NDA to the terms in Eqs. (1), we see
that Ag\ and Any are of O(mw/Af/P). In other words, just as in the linear realization, these
terms are effectively of dimension 6 (in the sense that there is an explicit factor of 1/A^P).
On the other hand, we see that the W^liW

t
vV

1' term is effectively of dimension 8, i.e. the
coefficient Ay is expected to be of order mpp/Ajyp. Thus, within the nonlinear realization
scenario, the Ay terms are expected to be negligible compared to those proportional to Agl[
and A/ty. Accordingly there remain three parameters at lowest dimensionality, which can be
taken as gf, KZ and K7.

2.1.3 Operators of Higher Dimension and Global Symmetry Arguments

As mentioned in section 2.1, one may argue that relations like in (5) would not even be approx-
imately correct if A.NP is substantially smaller than 1 TeV, since higher dimensional operators
are no longer suppressed, and may even be more important than the dim = 6 operators [20].
In fact, as far as the 5 C and P conserving TGC in (1) are concerned, the most general choice
can be realized by invoking two dim = 8 operators in addition to the 3 terms in (4) [10, 11, 23].

4One should caution that this estimate of Ajvp follows directly from analogy with low energy QCD and
Chital perturbation theory [21], where v = / x and A ~ Alp are known, while in the present context A/jp is
essentially unknown. It should be taken as a rough order of magnitude estimate only.
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Requiring restoration of an SU(2) global ("custodial") symmetry for j ' - » 0 (i,e in the limit of
decoupling B field) implies [23] the coefficient of one of these two operators to vanish, because
it violates SU(2) global6 independently of the B field. In that way one recovers the constraints
between A K , and A K Z in (5), in both the nonlinear realization and in the linear realization
at the dim = 8 level. Nevertheless a second dim = 8 operator spoils the relation, A7 = Xz in
(5). One may neglect this term (which vanishes in the limit g' —* 0) by imposing exact SU(2)
at the scale A/yp, which in our context is similar to neglecting the ir* — TT0 mass difference in
strong interaction physics.

Largely these are simplifying assumptions only, intended to reduce the number of free pa-
rameters. Motivated by the previous discussion we recommend two sets of three parameters
each for full correlation studies between anomalous couplings at LEP2:

• setl = (Ajf, A»c7, AKZ) with A, = \z — 0. These correspond to the operators of
lowest dimensionality in the nonlinear realization. A reduction to 2 parameters (using
AK 7 = -^-(AKZ - Apf)) is achieved by assuming [6, 23] custodial SU(2) for g' -» 0.

• set2 = (Ajf, A/t7, A7) with \z and AKZ given by (5). It is this set which has been
used in this report for the determination of precisions achievable from WW production
at LEP2, presented in sections 5-9 as limits on the parameters <XB<t>, <xw<t> and aw defined
by (4).

Expressing results in terms of A<jf, AK 7 , etc. will be useful for ease of comparison with
published hadron collider data [25, 26].

In addition, it would clearly be of interest to present fits to each of the parameters in jf
in order to reduce the dependence of the analysis on specific models. However, this can only
be achieved bearing in mind the limited data which will be available from LEP2, and the
correlations inherent in the extraction of many parameters from the data. We return to this
point in sections 3.1, 4.2 and 5.1 below.

2.2 Present constraints on TGC

The errors of present direct measurements, via pair production of electroweak bosons at the
Tevatron, are still fairly large. The latest, best published 95% CL bounds by CDF and DO are
obtained from studies of Wj events [25, 26]

-1.6 < AK 7 < 1.8 , -0.6 < A7 < 0.6

but constraints from the study of WW, WZ —» Ivjj, lijj events are becoming competitive
and should lead to 95% CL bounds of roughly -0.65 < A<c7 < 0.75, |A7| = |AZ| < 0.4, once the

5Note that there is no contradiction with the SU(2)L x U(l)y local invariance of all these operators, since
5(7(2) custodial is a different symmetry from the SU(2)L global [24].
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already collected run lb data are fully analyzed. Increasing the integrated luminosity to 1 fb"1

with the Fermilab main injector is expected to improve these limits by another factor 2 [27].
Note that these latter bounds assume the relations between anomalous couplings as given by
(5) with aw* =a-B*- In addition, the Tevatron measures these parameters at considerably
larger momentum transfers than LEP2 and, hence, form factor effects could result in different
measured values at the two machines.

Alternatively, constraints may be derived also from evaluating virtual contributions of
TGC to precisely measured quantities such as (g — 2)^ [28], the 6 —> sf decay rate [29, 30],
B -» KMn+(i~ [31], the Z -» 66 [32] rate and oblique corrections[9, 10] (i.e. corrections to
the W, Z, 7 propagators). Oblique corrections combine information from the recent LEP/SLD
data, neutrino scattering experiments, atomic parity violation, ^t-decay, and the W-mass mea-
surement at hadron colliders.

When trying to derive TGC bounds from their virtual contributions one must make assump-
tions about other NP contributions to the observable in question. In the linear realization, for
example, Higgs contributions to the oblique parameters tend to cancel the TGC contributions
and as a result the TGC bounds are relatively weak for a light Higgs boson [10]. In general,
there are other higher dimensional operators which contribute directly to the observable, in
addition to the virtual TGC effects. Bounds on the TGC then require to either specify the
underlying model of NP completely or to assume that no significant cancellation occurs. The
bounds on the TGC parameters in (1) due to virtual effets thus depend on the underlying
hypotheses and are of 0(0.1) to 0(1) [9, 10, 33].

More stringent bounds are obtained [9] by comparing the higher dimensional operators which
induce TGC with those operators which directly induce oblique effects (see Section 10.1). In
simple models the coefficients of these two sets of operators are of similar size and hence the
stringent LEPl bounds on the latter [34] indicate that one should not expect anomalous TGC
above 0(0.01). One should stress, however, that no rigourous relation between oblique effects
and TGC can be derived except by going to specific models of NP. Therefore, these stringent
bounds must be verified, by a direct measurement of the TGC at LEP2.

2.3 Virtual Contributions to TGC in the MSSM 6

Definite TGC contributions are certainly present at the loop level in any renormalizable model,
although such loop effects contribute to TGC with a factor of (g2/M>v2) ~ 2.7 10~3, being
therefore too small a priori to be observed at LEP2. For instance, SM one-loop TGC predictions
are known [35, 36, 37] and give, at y/s = 190 GeV, Aic, (AKZ) a; 4.1-5.7 10~3 (3.3-3.1 10"3),
for mBitg, = 0.065-1 TeV and m^p = 175 GeV [38]. (Contributions to Ay are about a factor of
3 smaller). One may, however, expect that the "natural scale" (p2/16ir2) could be substantially
enhanced if, for example, some particles in the loop have strong coupling and/or are close to

"A complementary study of virtual MSSM contributions to the e+e~
New Particle chapter of these proceedings.

• tV+W~cross-section is done in the
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their production threshold. To obtain a "reference point" it is thus important to explore more
quantitatively how far one is from the LEP2 accuracy limit, within some well-defined model of
NP. We here use the contributions of the (MSSM) [39] as an example. These contributions were
calculated independently by two groups in the framework of the Workshop. We summarize the
main results, referring for more details to refs. [37, 38].

SUGRA-GUT MSSM

4,,mo,.Mi/2 = 300,300,80 (GeV),
tan^ = 2 ( / i<0)
|AK 7 | = 0.44 10"2, |A«z | = 0.72 10~2

Unconstrained MSSM (maximal effects)
tan/3 =1.5; M$ ~ 95, 130; M? ~ 20-132 (GeV) ;
mH+ ~ 95; ro*,' ~ 45; mf ~ 92-110; m,- ~45-800 GeV

A/c7 = 1.75 10~2, AKZ = 0.84 10~2

Table 1: AK^IZ (as defined in eq. 1) in MSSM at
about a factor of 2-3 smaller).

= 190 GeV. (Contributions to Ay are

Naively, TGC are obtained by summing all MSSM contributions to the appropriate parts in
eq. (1) from vertex loops with entering 7 (or Z) and outgoing W+, W~. But as is well-known,
the vertex graphs with virtual gauge bosons need to be combined with parts of box graphs
for the full process, e+e~ —» W+W~, to form a gauge-invariant contribution. The resulting
combinations define purely s-dependent 7 TGC [36]. In table 1 we illustrate our results for
(s-dependent) contributions in two different cases. First, for a representative choice of the free
parameters in the more constrained MSSM spectrum obtained [37] from the SUGRA-GUT
scenario [40]: the only parameters are the universal soft terms m0, Mi/2, Ag at the GUT scale,
tan/? (and the sign of /*). Second, we give one illustrative contribution, obtained [38] from
a rather systematic search of maximal effects in the unconstrained MSSM parameter space.
The largest contributions are mostly due to gauginos and/or some of the sleptons and squarks
being practically at threshold. One may note, however, that some individual contributions,
potentially larger, were quite substantially reduced when the present constraints on the MSSM
parameters are taken into account [38]. Even these maximal contributions hardly reach the
level of the most optimistic accuracy limit expected on TGC (compare section 5 below). One
should also note that radiatively generated TGC generically have a complicated y/s form factor
dependence as well as contributions from boxes, which are well approximated by an expansion
in 1/A.ftp only when one probes well below threshold.

2.4 TGC from extra Z'I 8

A light and weakly coupled Z' provides an illustrative example of relatively large deviations
of the TGC from their SM values and of strong form-factor effects [41]. Consider an extra

7By definition, t and u-dependent box contributions are left over in this procedure. We have evaluated [38] a
definite (gauge-invariant) sample of this remnant part, the slepton box contributions, and found them negligible,
~ 0.1 ( J V 1 6 T 3 ) = 3 10- 4 at most, at LEP2 energies.

*A complementary study can be found in the Z' working group chapter of these proceedings
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gauged U(l)' symmetry with associated coupling g[, whose vector boson Z' is relatively light,
say Mz' — 200GeV. For such a boson to remain undetected at LEP1 and CDF, it must have
rather small couplings to fermions: A = sin(9w)g[/gi < 0.2 or less [41]. However, this new
Z' might be only part of the new physics beyond the SM, and we parametrize this by gauge
invariant higher dimensional operators. For illustration, let us focus on the dim = 6 operator

CB,W = —OB'w = —fiB'^Wpv • T<j> (7)

where B'^ is the new J7'(l) field strength. This operator has a part linear in W^ inducing
unusual mixing through the kinetic terms, from which LEP1 data put upper bounds on A and
c. The other piece is quadratic in W^ and brings anomalous contributions to H^-pair production
at LEP2, which may be enhanced at will by approaching the Z' pole. Within a gauge-invariant
framework, enlarging the symmetry group has given us enough freedom to escape the more
stringent LEP1 constraints on the coefficient of the similar operator OBW [9, 10] of Eq. (29).
Having such an (admittedly contrived) counter-example to [9] (depending on the 3 parameters
Mz', A < 0.2 and |e| < 0.2), it is instructive to see how it fits into our TGC parametrization.

The normal way of extracting the pre-
dictions of this model for W-pair produc-
tion would be to add all the amplitudes for
e+e" —> W+W~, namely the (-channel v
pole, and s-channel 7, Z and Z' poles, in-
cluding the contributions of OB'W in the lat-
ter. Alternatively, the correct angular depen-
dence in e+e~ —> W+W~kom such a Z' is
recovered through the introduction of "pro-
cess - dependent" TGC form factors: the Z'
exchange only contributes to the J = 1 par-
tial wave and the TGC of Eq. (1) allow to
parameterize the most general J = 1 am-
plitude. For the case at hand one can al-
ways find TGC (fff ,Kz,gl,K>) matching the
Z' parameter dependence in this particular
ee-WW channel, but these TGC will depend
on the incoming electron's coupling to the Z
and the photon.

The deviations Agf vs. Agl[ for \fs = 205GeV
and Mz< = 210GeV. For each A ranging from
0 (plain curve) to 0.2 (smallest dashes), e is
limited to satisfy today's W mass accuracy,
\SMW\ < IGOMeV (LEP2's \6MW\ < 45MeV
for the thick curves).

In general, a non-zero hgi is needed to match the precise (-dependence, but in such a
process-dependent approach, this does not imply any violation of charge conservation. Finally
one should note that the Z' described above would also appear in e~e+ —* qq, l~(+ at LEP2
and thus all channels need to be searched for NP effects.
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3 The W Pair Production Process

3.1 Phenomenology of On-shell WW Production

Deviations of the TGC's from their SM, tree level form are most directly observed in vector
boson pair production. At LEP2 this is the process e~e+ —* W~W+, which, to lowest order,
proceeds via the Feynman graphs of Fig. 1. We start by describing the core process, including
the W decay into fermion anti-fermion pairs in the zero-width approximation, since most of the
effects of anomalous couplings can already be understood at this level. A full simulation of the
signal will, of course, need refinements such as finite width effects, the ensuing contributions
from final state radiation graphs and the inclusion of (-channel vector boson exchange graphs
for specific final states such as e~i>ud. The simulation of this full e+e~ —> 4 fermions process
will be discussed later. It is instructive to consider first the individual contributions of ^-channel

e-(a)

Figure 1: Feynman graphs for the process e+e

photon and Z exchange and of (-channel neutrino exchange to the various helicity amplitudes
for the process e"e+ -> W~W+ [3],

,M(<7,A,A) = M = M^ + Mz + Mv (8)

Here the e~ and e+ helicities are given by a/2 and — <r/2, and A and A denote the W~ and W+

helicities. Let us define reduced amplitudes M by splitting off the leading angular dependence
in terms of the (^-functions [42] dJ° where Jo = 1,2 denotes the lowest angular momentum
contributing to a given helicity combination. In the cm. frame, with the e~ momentum along
the z-axis and the W~ transverse momentum pointing along the *-axis, the helicity amplitudes
are given by8

r, A, A; 6) = y/2 o- e2 (9)

For (A, A) = ( i , ^ ) ! i-e- (A — A| = 2, only (-channel neutrino exchange contributes and the
incoming electron must be lefthanded. The corresponding amplitudes are given by

1
(1 - A cos0)/2 . (10)

'As compared to Ref. [3] a phase factor (—l)s is absorbed into the definition of the W+ polarization vector.
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^-channel photon and Z exchange is possible only for |A — A| = 0,1. The corresponding reduced
amplitudes can be written as

My = -0A\,

s-mz'

Mv = +«,,_!;
1 + / 3 2 - (11)

Here a denotes the e+e~ center of mass energy and /3 = ^/l - 4m2
v/« is the W± velocity. The

subamplitudes Ay, B and C are given in Table 2.

Table 2: Subamplitudes for Jo — 1 helicity combinations of the process e~e+ —> W~W+, as
defined in Eq. (11). /? denotes the W velocity and 7 = ^/s~/2mw The abbreviation fX =
gX + *v + Av is used.

AA B,

+ i(Kv + Av-27
2Av) 1 I/72

- i(*v + V - 272Av) 1 I/72 -<rsin*/A/2
+0 f(fX ~ *9X + 09s + i(*K - Av)) 27 2(1 + /?)/7 (1 + o-cos *) /2
0— f(fX + ig\ + 0gX — p(Hv — Av)) 27 2(l+/3)/j (1 + <7-cos*)/2
0+ lifX + wX ~ faX + |(*v - Av)) 27 2(l-/3)/7 (l-o-cos*)/2
-0 7(/3V - *?r ~ Z3^ ~ l(«v - Av)) 27 2(l-/3)/7 (l-ercos*)/2
00 «7!V + 2 7 ' 27' 2 / 7

2

One of the most striking features of the SM are the gauge theory cancellations between 7, Z
and neutrino exchange graphs at high energies. Within the SM the only non-vanishing couplings
in the table are gx = K = 1 and fs = 2 for both the photon and the Z-exchange graphs. As
a result A^ — Af^ and the pAv terms in Eq. (11) cancel, except for the difference between
photon and Z propagators. Similarly, the Bx\ term in Mv and the 5ff,_i term in Mz cancel
in the high energy limit for all helicity combinations. While the contributions from individual
Feynman graphs grow with energy for longitudinally polarized W's, this unacceptable high
energy behavior is avoided in the full amplitude due to the cancellations which can be traced
to the gauge theory relations between fermion-gauge boson vertices and the TGC's.

LEP2 will operate close to W pair production threshold and these cancellations are not yet
fully operative. For example, at ^/a = 190 GeV one has /3 = 0.54, /? s/(s - m%) = 0.70, and
1//? = 1.87 instead of unity. As a result, the linear combinations of couplings which enter in
jV(7 and Mz are quite different from their asymptotic forms. In particular the f2 enhancement
factors are still small, the (± ,± ) and (0,0) amplitudes are not yet dominated by individual
couplings, and interference effects between different TGC are very important.
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Table 2 shows that only seven W W+ helicity combinations contribute to the Jo = 1 channel
and the various WWV couplings enter in as many different combinations. This explains why
exactly seven form factors or coupling constants are needed to parameterize the most general
WWV vertex. Since we have both WWZ and WWf couplings at our disposal, the most
general J = 1 amplitudes Mi = M(<r = —1,A,A) and MR = M{<r = +1,A, A) for both left-
and right-handed incoming electrons can be parameterized. Turning the argument around one
concludes that all 14 helicity amplitudes need to be measured independently for a complete
determination of the most general WWf and WWZ vertex.

A first step in this direction is the measurement of the angular distribution of produced
W's, da/d cos 8. In terms of the reduced amplitudes A^^.x of (9) this distribution is given by

d(T

(f COS *

+ O-COS*)2 / - . . 2x
^|A1ff,+o| + |Aio-,o-| )

(1-o-cosg)2

4

| (1 + cos2*) sin'* - J , • } • (I2)

Due to the different (^-function factors amplitudes with different values of A —A can be separated
in principle. In practice, the additional ^-dependence of the neutrino exchange graphs (the Cx\
terms in Eq. (11)) distorts these angular distributions and leads to contributions from the
individual W~W+ helicity combinations as shown in Fig. 2. In fact, the interference with the
i/-exchange graphs can be used to further separate the various ^-channel helicity amplitudes.

Due to the V — A structure of the W-fermion vertices the decay angular distributions of
the W's are excellent polarization analyzers and a further separation of the various W+W~
helicities can be obtained [3, 6]. These decay distributions are most easily given in the rest
frame of the parent W. Choose the e~e+ —» W~W+ scattering plane as the x — z plane with
the 2-axis along the W~ direction and obtain the W± rest frames by boosting along the z-axis.
In the W~ frame we define the momentum of the decay fermion for W~ —> / i / 2 as

Pi = (1, sin*i cosijS, sin*j sin^i, cos*i) , (13)

and, similarly, for W+ —* fsf*, the anti-fermion momentum in the W+ frame is given by
„ 1TT-W / A n » ft \ I \

pj = —— (1, sm*2 cos02, —sm*2 s m ^ , — cos*2) > (14)

Thus, *,• = 0 corresponds to the charged lepton or the down-type (anti)quark being emitted in
the direction of the parent W±.

Neglecting any fermion masses, the W —* I u decay amplitude is given by [3]

(15)
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d<rx'x/d cos 8

(pb)

0.01

0.001
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

C O S *

Figure 2: Angular distributions dojd cos 8 for e~e+ —» W~W+: SM contributions from fixed
W'W+ helicities (AA) at v ^ = 190 GeV.

where the angular dependence is contained in the functions

(t-,lo,l+)(6u<l>i) = M=(l + cos*,) e-<*\ -on*,, -^(1 - cos*) e*») . (16)

An analogous expression is obtained for the W+ decay amplitude.

The production and decay amplitudes can easily be combined to obtain the five-fold differ-
ential angular distribution for the process e~e+ —> W~W+ —» /1/2 /3/1, in the narrow W-width
approximation [3, 6],

*<r-{e-e+->W-W+-+fJtftf<) fi
=

Al(<7,A,A>f>,A',A')

Here the production amplitudes M{cr, A, A) are given in Eq. (9) and the D\,\' are given by

D,,y(9,<j>) = ix(e,4')cx,(e,4>). (is)

The information contained in the five-fold differential distribution (17) can be used to isolate
different linear combinations of WWV couplings and hence reduce the possibility of cancel-
lations between them. For example, by isolating W+W~ pairs which are both transversely
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polarized (and hence give 1 + cos20< decay distributions) the combinations g^ + 2f2Ay are de-
termined which appear in the production amplitudes M++ and M (see Table 2). Similarly,
longitudinal W's produce a characteristic sin20j decay distribution. The isolation of LT+TL
and of LL polarizations of the two W'& allows independent measurements of the combinations
f$ = g\ + Ky + Ay and g% + 272/«y, respectively, and thus the three C- and P-conserving
anomalous couplings10 may be isolated.

Additional information is obtained from the azimuthal angle distributions of the decay
products. A nontrivial azimuthal angle dependence arises from the interference between he-
licity amplitudes for different W+ or different W~ polarizations. The large M+- and M.+
amplitudes, which arise solely from neutrino exchange, can thus be put to use: interference
with these large amplitudes can amplify the effects of anomalous couplings.

The observation of azimuthal angular dependence and correlations is particularly important
for the study of CP-violating effects in W~W+ production [3, 43]. The methods suggested in
section 4 below for TGC determination from data can all be used for this purpose, and the
reader is referred to the literature for details of procedures using density matrix [43] and opti-
mal observable [44] analyses. Similarly, the study of rescattering effects between the produced
W pairs, i.e. the presence of nontrivial phases in the production amplitudes, relies on the
interference with the phase factors introduced by the azimuthal angle dependence of the de-
cay amplitudes. We do not explicitly discuss these techniques here but rather refer to the
literature [3, 45].

WW decay channel

jjlv

mi
Ivlv

Decay fraction
/ = e: 14%
/ = n: 14%
/ = r: 14%

49%
9%

COS0

| COS*

COS*

Available
(cos *;,

(cos 8h

(cos*i,

angular information
4>i)

<t>h )folded

2 solution

(cos*,, 4>j

(cos 8j,,<j>

(cos 0 2 , 4>i
5

)folded

h)folded

)

Table 3: Availability of angular information in different WW final states. The production
angle is denoted by 8 and (8i,j, (f>ij) denote decay angles for W —t (leptons, jets) respectively.
(cos6j,4>j){0\dcd implies the ambiguity cos8j *-> —cos8j, <f>j <-> <j>j + ir incurred by the inability
to distinguish quark from antiquark jets.

The application of (17) to experimental data must take account of some restrictions in
the ability to determine the angles involved: in the case of hadronic W decays, and in the
absence of any quark charge or flavour tagging procedure, the fermion and anti-fermion cannot
be distinguished; also, in the case where both Ws decay leptonically, a quadratic ambiguity is

10Note however that if relations among TGC such as those in eq. (4) are relaxed, it will not be easy to
distinguish /c, from KZ (or A7 from \z) with unpolarized beams, since these both feed the same helicity
amplitudes in table 2.
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encountered. The ambiguities in each of the three WW final states jjlu, jjjj and lulu, where
j represents the jet fragmentation of a quark or antiquark and (lu) the products of W decay
into lepton-antilepton, are summarized in table 3.

3.2 Four-fermion production and non-standard TGC

Most studies of TGC so far have been made with zero width simulated data and with an analysis
program based on the same assumptions. This procedure might neglect some important effects,
however, and the corresponding physics issues will be discussed in this subsection. These are
the influence of a finite W-width, of background diagrams, i.e. graphs other than the three
W-pair diagrams of Fig. 1, and the influence of radiative corrections (RC) in particular the
dominant QED initial state radiation (ISR).

At the moment there are many Monte Carlo (MC) programs for four fermion production, but
only two of them can at present study the above issues, namely ERATO[46] and EXCALIBUR[47,48].
For a detailed description we refer to the WW event generator report, but we make a few
comments here. Although the programs can study non-standard TGC effects[46, 49] for all the
channels of Table 3, we will only consider the jjlu case in the following. More specifically we
will study e~i>eud or \Tvvud final states. The amplitude for these final states consists of 20 and
10 diagrams, respectively, of which 3 are the W-pair diagrams of Fig. 1. Since the four fermions
are assumed to be massless in the calculations, cuts have to be applied to avoid singularities
in the phase space. Experimental cuts usually have this effect as well. In the case of only
three diagrams such cuts are not required. ISR is incorporated following the prescription of
Ref. [50]. In table 4, we list a number of differential cross-sections which have been calculated,

Standard Model
0~SM,m

fSM,off

O'SM.off.ctttt

<?SM,aU

<7SM,ISn

CSM.all.ISR

non-standard TGC

aAN,Off

°~AN,<,ff,cvt>

<TAN,<iH

CANJSR

^AN,all,ISR

physical assumptions
IV =0

3 diagrams

20 diagrams, cuts
3 diagrams, ISR

20 diagrams, cuts, ISR

Table 4: Cross sections and the corresponding physical assumptions under which they have
been calculated. The subscripts SM, AN, on, off refer to Standard Model, non-standard
TGC, on-shell and off-shell, respectively.

and correspond to different physical asumptions. The first column refers to the SM and the
second one to a non-standard TGC case (usually with only one of the CP-conserving couplings
being different from its SM value). For the cross-sections labeled o~mts, cuts are applied mainly
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to lepton and quark energies and angles in the laboratory frame:

E*-M,i > 20 GeV , | cos 0,->u>j| < 0.9 , cos 8u_j < 0.9 , (19)

The calculations were performed with input parameters as prescribed in the WW cross-section
Working Group chapter. Results from the two programs agree within the MC errors. The
particular case of d<rAnjOjf/dcos8 (for the full phase space) has also been calculated by M.
Bilenky in a semi-analytical method and full agreement with EXCALIBUR has been obtained for
all CP conserving TGC.
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Figure 3: Ratios of differential cross-sections at various levels of the simulation of the 4-fermion
processes, (a) Ri = <TsM,o}jl<ySM,m, (b) R2 = <rsM,is&l"sM,o]f and (c) R3 = <TSM,MI'CSM,off,cut.-

Different physical mechanisms could influence the angular distribution of the produced Ws
and thus simulate the effect of non-standard TGC. Typical examples are shown in Fig. 3,
namely the effect of a finite W width, of ISR and of background graphs on do-/d cos 8. ISR, for
instance, lowers the available *Js of the event and thus reduces the forward peak of the W'W+

production cross-section. In addition, the recoil of the W~W+ system against the emitted pho-
ton further smears out the W angular distribution [51]. A similar effect, relative depletion of
forward as compared to backward produced W~s can also arise from negative TGC parameters.
This is evident from Fig. 4, where ratios of a non-standard dujd cos 8 and SM cross-sections
are presented, both having been calculated under the same physical assumptions. Fig. 4(b)
demonstrates the quantitative importance of this phenomenon. For final state electrons the
background graphs, if not included in the analysis, could mimic a Sz of the order of —0.2.
While the shape of the angular distribution dcr/dcosS for negative TGC parameters shows a
trend similar to that induced by ISR, finite width or background graph effects, the normal-
ization of the cross-section might provide some discriminating power, as do the decay angular
distributions. Another very important message coming from Fig. 4 is that the sensitivity to
the TGC remains the same at the different levels of the simulation (from on-shell Ws up to
four-fermion production). Conversely, the influence of the various physics effects on production
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and decay angular distributions is largely independent of whether or not non-standard TGC
are present.

We conclude that it is clearly important to account for and to correct the effects considered
above in experimental analyses. We return to the effects of ISR and finite W width in Section
5.2 where their neglect in TGC determination at LEP2 is quantified. In Section 6.2 we indicate
how they contribute to the overall bias in a typical simulated TGC determination.

1.02r

-0.5 0 0.5
COS9

-0.6 - 0 6 -0.4 - 0 2

Figure 4: Ratio of anomalous to SM differential cross-section, (a) <TAN,offl<rsM,ofj (solid line),
VANJSRIVSMJSR (dotted line), CTAS^UICSM.M (dashed line), and TAN,MJSRI^SM,MJSR (dash-
dotted line) for j/- , = +0.1. (b) erAN,off/vsM,off (solid line), (TAN^U/GSM^U for muons (dash-
dotted line) and electrons (dashed line) for aw = 0.2, Sz = 0.2,6z = -0.2, aw = -0.2 (bottom-
top) and <TSM,MI<TSM,O}} for muons (squares) and electrons (circles).

4 Statistical techniques for TGC determination11

Three different methods have thus far been proposed for the determination of TGCs at LEP2,
— the density matrix method, the maximum likelihood method and the method of optimal
observables. These methods are outlined in the following subsections and their application to
common simulated datasets is compared. In devising these methods, two considerations have
been borne in mind: first, — as will be elaborated in the next section — that it is advantageous
to use as much of the available angular data for each WW event as possible; second, that the

nThe experimental sections, 4-9, have been coordinated by R. L. Sekulin
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expected LEP2 data (a total of «s 8000 events for an integrated luminosity of 500pb"x at 190
GeV) will not be sufficient, for instance, to bin the data into the five angular variables appearing
in the WW production and decay distribution (17) and subsequently to perform a x2 n t- The
studies reported in this section have been performed assuming that the final state momenta of
the four partons from W~ and W* decay have been successfully reconstructed from the data;
the practical difficulties of doing this are discussed in section 5.

4.1 Density matrix method

In this method, TGC parameters are extracted from the data in a two-stage analysis. First,
experimental density matrix elements and their statistical errors are determined from the an-
gular distribution (17) in bins of cos 8; then the predictions of different theoretical models are
fitted to the resulting distributions using a x2 minimization method. The joint WW helicity
density matrix elements px\yy a r e defined from (17) as the sums £ , M(cr, \,\)M"(<r,\',\)
of bilinear products of production amplitudes and the dependence of the cross-section on the
TGC parameters is fully contained in the complete density matrix thus evaluated. Similarly,
by integrating over the observables of one W, single W density matrix elements pxx* and p^y
can be defined.

The density matrix elements can be calculated in two ways:

- Using the orthogonality properties of the W decay functions DAA< and Djy in (17), density
matrix elements can be extracted by integrating over the W decay angles with suitable
projection operators. Thus, unnormalized density matrix elements of the leptonically
decaying W in jjlu events can be found from the lepton spectrum as

Pxx'
d<7(e+e- W+W~) 1

dcosfl I d(7(e+

dcos 9 dcos &i A(j>\
(20)

where Bwiv is the branching ratio for the jjlv channel, the angular variables are as defined
in (13), (14), with the decay angles and helicity indices now referring to the leptonically
decaying W. Expressions for the normalized operators AAy are given in [52]; for example,
Aoo = 2 — 5cos2#; projects out the longitudinal cross-section pooj^j of the leptonically
decaying W.

- In the second method [6], the production and decay angular distribution is expressed in
terms of the density matrix elements and, in each bin of cos 8 , they are determined using
a maximum likelihood fit to the distribution of the decay angles.

Fig 5 shows some of the density matrix elements calculated from a sample of simulated events
by the two methods as a function of cos 6 and fitted to the prediction of the Standard Model
It can be seen that there is good agreement between the density matrix elements as calculated
by the two methods, and with the fit to the Standard Model.

542



0.5 S

0 -

-0.5
-0.5

0.5 -

0 -

-0.5
-0.5 0.5

cosiJ costf

Figure 5: cos 6 dependence of density matrix elements pn and p_10 for a sample of 2930
simulated e+e~ —> W+W~ events at 190 GeV, calculated using the projection method (full
circles) and the maximum likelihood method (triangles) and compared with the prediction of
the Standard Model (fitted curve).

4.2 Maximum likelihood method

In this method, the distribution of some or all of the observed angular data is used directly in
an unbinned maximum likelihood fit [7], in which parameters P , denoting one or more of the
Lagrangian contributions (4), are varied to maximize the quantity

-TV,*. In (21)

where the sum is over events in the sample, fii represents, for the i'th event, the angular
information being used, p(ft,P) is derived from the cross-section (17), N^, is the observed
number of events, and the integral is over the whole of phase space. Many of the results
shown here have been obtained using the method of extended maximum likelihood, in which
the absolute prediction for the magnitude of the cross-section is also tested [53]:

= £ In ;>(«,, P)-iV(P), (22)

where, for integrated luminosity L, the predicted number of events N(P) in the sample is
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It may be noted that, while in the evaluation of N(P) in (22) the absolute normalization
of the cross-section must be used (as given in (17)), constant factors such as the flux factor
may be omitted from the unnormalized expression fp(il,P)dil in (21). Furthermore, since
for any event the probability p is proportional to the product of a phase space factor, which is
independent of P, and a matrix element squared, | M |2, which contains the dependence on the
TGC parameters, the sums over events in (21) and (22) may be replaced by £ i In | M |2(Oi, P) ,
and the maximum of the likelihood function will be unchanged. While this replacement is trivial
for the 2-body cross-section given by (12), it is essential in the evaluation of the log-likelihood
sum when the reaction is analyzed in terms of the 4-fermion processes, in which the phase space
factor is different for every event.

While the maximum likelihood method is able to use all the available angular information
for each event, it has the disadvantage compared with a \2 fit of being unable to provide a
goodness of fit criterion. Nonetheless, the goodness of fit of a hypothesis represented by the
likelihood function A(p) c a n De compared with that of £2(P) if the parameters p of C\ satisfy
the condition p e P . Then the quantity -2\n(C?ax/C'£ax), derived from the ratio of their
likelihood functions, has a x2 distribution [54]. This property has been applied to event samples
generated with non-SM values of one TGC, Pi, and used to distinguish this hypothesis from a
wrong one, when a different TGC, P^, is fitted to the data. — In general, a fit of P2 produces
a result differing significantly from the SM value. Fig 6 shows the results of applying this test
to the correct and wrong models in two alternative ways. In both cases, £\ is taken as the
likelihood function when P\ varies; in the "same family" case (a), £ j is the likelihood function
when both Px and P2 vary, while, in (b), £2 describes a "composite" hypothesis,

(23)

where /3 is the probability that model 1, represented by the probability density function p(Pi),
is correct, and Pi, Pi and /3 vary in the fit. It can be seen that a simple comparison between
the values of these probabilities indicates the correct model for the majority of the cases. In
addition, the absolute probability value indicates the goodness of the fit.

4.3 Optimal observables method

Optimal observables are quantities with maximal sensitivity 12 to the unknown coupling pa-
rameters [44, 56]. To construct them, a particular set of couplings P; is chosen which are zero
at Born level in the Standard Model (for instance, the TGCs defined by (4)). Then, recalling

"This method has been used to search for CP violation in T+T production at LEP1, with a dear increase
of sensitivity [55].
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Figure 6: Hypothesis testing using a) the "same family" and b) the "composite hypothesis"
methods, for data sets of about 2500 jjtv events generated with TGC values deviating from
the SM values by one to five times the expected LEP2 precisions.

that the amplitudes for the four-fermion process are linear in the couplings, the differential
cross-section may be written

d«T
(24)

where ft represents the kinematic variables as before. Kinematic ambiguities, such as those
described in table 3, can readily be incorporated into (24). The distributions of the functions

(25)

are measured, and their mean values (0;) evaluated13. An example is shown in fig 7. To first
order in the Pi, the mean values (Ot) are given by

(26)

from which the couplings Pj can be extracted because (Oj)0 and Cij are calculable given (24)
and (25). From the distributions of the Oi the statistical errors on their mean values can be

"The functions O;(fl) for the TGC parameters used in [3] are available as a FORTRAN routine [44].
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evaluated, the observables having been constructed to minimize the induced errors on the Pj. If
the linear expansion in the couplings is good, the method has the same statistical sensitivity as
a maximum likelihood fit. It can also be extended to incorporate total cross-section information
in a manner analogous to the use of the extended maximum likelihood method discussed in the
previous section.

Optimal Observables -190 GeV

2000

1000

Mean value: -0.1007 + 0.004

Expectation value : -0.1012

aW<t>

Figure 7: Distribution of Oaw<t,{cos9,{cos6i,<j>{),{co&6j,4>j)to\it&) f°r a large sample (50000) of
simulated e+e" —» W+W~ events at 190 GeV. The experimentally determined mean value is
to be compared with the expectation value of this observable in the SM, a « ^ = 0, used to
generate the events.

4.4 Comparison of methods

In this section a comparison is presented of fits of the TGCs awj,, "B* and aw, defined in (4),
to common datasets generated with the PYTHIA[57] Monte Carlo simulation program.

We precede this by mentioning the results of a comparison of the use of the maximum
and extended maximum likelihood (ML and EML) methods, in which both of these methods
were used in fits of the three TGCs to a large sample (50000) of events using first only the W
production angle, and then the complete angular information (production and decay angles).
The extra information contained in the EML method gave a substantial improvement (10%)
in precision only in one case — the fit of <XB$, generally the least well determined parameter,
to the production angular distribution. In the other fits the improvement was only ~ 1%.
Similar conclusions have been obtained when applying the optimal observables method with
and without total cross-section information.

In the comparison of the density matrix (DM), EML and optimal observables ( 0 0 ) methods,
the three analyses were applied to datasets at 175 and 190 GeV simulating both the expected
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LEP2 statistics (w 2000 events) and much larger statistics (50000 events). Sample results are
given in fig 8, in which precisions obtained using the three methods in 1- and 2-parameter
fits to the large dataset at 190 GeV are plotted. In all cases, the precisions obtained using
the three methods are very similar when the same angular data is used in the fit. This can
be seen in the figure, where the precisions from the EML and 0 0 methods, both of which
used angular data cos0, (cosflj, fa) and (cos^-, <fe)foid«d, are almost identical. The DM results
shown used the differential cross-section, d ^ t , density matrix elements POO>PI-I>PTD and p-&
of the leptonically decaying W, and the part symmetric in both polar decay angles of the
transverse element pTr = /»n,ii + />_i_i,_i_i + pu,-i-i + P - i -u i of the joint WW density
matrix, representing somewhat less than the full 35 (CP-conserving) elements of the full joint
density matrix. (Other density matrix elements can in principle be included in the analysis).

Comparison of methods

av

(Xc
*:DM
OEML

• bo , , , I
-0.04 -0.02 0 0.02 0.04 0.05

Figure 8: Comparison of TGC fits to a large sample of simulated events at 190 GeV using
the density matrix (DM), maximum likelihood (EML) and optimal observables (00) methods,
a): 1 s.d. precisions in 1-parameter fits to aw, aw* and agj,. b): 95% confidence contours in
2-parameter fits to

A difference between the EML or DM analyses and the 0 0 analysis can be seen in the
2-parameter fit shown, where a second allowed region, remote from the SM region (aw<t> =
0, ast = 0) where the events were generated, is seen by the EML and DM methods. This
effect is discussed in detail in ref. [7], where it is shown to arise naturally from the amplitude
structure of WW production, and in particular from the fact that the helicity amplitudes are
linear in the TGCs. It is not seen in the 0 0 results, because here the cross-section (24) has
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been linearized with respect to the TGCs about their SM values14.

In considering possible extensions to the analyses, two comments may be made. First, the
EML and 0 0 methods could readily be used in a 4-fermion treatment by replacement of the
matrix elements. The DM method does not lend itself to this adaptation, as the form (17)
used in the projection of the density matrix elements assumes J = 1 for the two final state / /
pairs. Second, all three methods can in principle be adapted to the analysis of events with the
experimental and other effects discussed later in this chapter; however, we have not made an
assessment of the relative ease with which this can be done for the different methods.

With the above points borne in mind, we can recommend all three methods for consideration
in the analysis of LEP2 data. The studies reported in the following sections have, except where
otherwise indicated, used ML or EML fits to obtain the results shown.

5 Precision of TGC determination at LEP2: generator
level studies

In this section, the precisions to be expected in TGC determination from the anticipated LEP2
integrated luminosity are summarized and an estimate of the biases and systematic errors
accessible at generator level is given.

5.1 TGC precisions in fits to simulated events

Precisions in TGCs obtained from 1-parameter fits to simulated e+e~ —> W^W^events at 176
and 190 GeV are shown in table 5, and confidence limits in the planes of two of the three
possible combinations of two of the parameters in eq. (4) are shown in fig 9. Results are shown
using various combinations of the "angular data appropriate to each of the three final states
jjlv, jjjj and Ivlv, as indicated in table 3, as well as to the "ideal" case without angular
ambiguities. For the first two channels (and for the "ideal" analysis), 1960 (2600) events were
fitted at 176 (190) GeV; for the lulu channel, 280 (370) events were used. These figures emulate
the statistics anticipated from an integrated luminosity of SOOpb"1 after experimental efficiency
cuts of ~ 95%, 60% and 95% for the three channels respectively, and excluding leptonic decays
into TVT. The extended maximum likelihood method was used in the fits, and the events
were generated and analyzed in the narrow W width approximation and without initial state
radiation (ISR). In the analysis, the generated values of parton momenta were used, so that
no account has been taken of the subsequent quark fragmentation nor of possible experimental
effects. No kinematic cuts have been made on the data. The analysis reported here is therefore
to be considered as an idealized one; the implications of the additional effects mentioned above
are considered in detail in subsequent sections.

14 An extension of the OO method to incorporate second order terms in the parameters is under development.
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Several conclusions may be drawn from inspection of the table and figure. As anticipated
by the discussion of section 3, substantial gains in precision are achievable by running at higher
energy. Also, use of as much as possible of the available angular data serves to increase the
precision and, in 2-parameter fits, to reduce the (quite pronounced) correlations between the
fitted TGCs. The use of the jjjj channel, even with the angular ambiguities incurred by
the inability to distinguish quark from antiquark jets, can be seen to provide a modest but
worthwhile improvement in the overall precision attainable. Finally, the occurrence of a second
region in the (aw<t» <*B*) plane, remote from the Standard Model region (0,0) at which the
events were generated but acceptable at the chosen significance level, has already been noted
in the previous section.

Model

as*

O-W4,

Off

Channel
jjtv

jjjj

tvlv
Ideal
jjtv

jjjj

tvlv
Ideal
jjtv

jjjj

tvlv
Ideal

Angular data used
CosS
cosS, (cos 0i, <f>i)

COSS, (COS0|, (j>l), ( cOsSj , <k)folded

1 cos ̂  1
1 COS S 1, ( cosS . , , , <j>h )fold«d, (cOS0,-3, ^2)folded

cosS, (cos Si, 4>\)i (cos 02, ^2)1 2 solutions
COsS, ( c O s S ] , <f>i), (COS # 2 ) 4>2)

cos 8
cosS, (cos S|, <f>i)

COS 8, (COS S|, (f>l), ( cOsSj , ^)fo lded

|cosS 1
1 COS 8 1, ( C O S ^ , 4>h)foid^, (COS8J2, ^ f o l d e d

c o s S , (cos Si , <j>i), ( c o s S j , <j>2), 2 solutions

COsS, (COS Si , <fo), (COSS2, <fe)

cos 8
cos 9, (cosS,, <j>,)

COsS, (COS Si, (j>l), ( c o s S j , &)fold«l
| c o s S |

j COSS j , (cOsS,, , <fe, )f,>lded, (COSS^, <j>h)fM,d
cosS, (cos Si, <f>i), (cosS 2 , 4>2), 2 solutions

cosS, (cosSj, <£x), (cosS2, fa)

176 GeV
0.222
0.182
0.159
0.376
0.328
0.323
0.099
0.041
0.037
0.034
0.098
0.069
0.096
0.028
0.074
0.062
0.055
0.188
0.131
0.100
0.037

190 GeV
0.109
0.082
0.080
0.149
0.123
0.188
0.061
0.027
0.023
0.022
0.054
0.042
0.064
0.018
0.046
0.038
0.032
0.110
0.069
0.064
0.022

Table 5: 1 s.d. errors in fits of as^, aw4, and aw to various combinations of the angular data at
176 and 190 GeV. The simulated data corresponds to integrated luminosity of SOOpb"1. Details
of the data samples are given in the text.

In a first step towards a more realistic simulation of the data, some of the fits described above
have been repeated using calculations corresponding to 4-fermion rather than WW production
both in event generation and analysis. In so doing, contributions are included from the complete
set of relevant diagrams and the finite W width effects ignored in the previous analysis are taken
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Figure 9: 95% confidence limits in the planes of 2-parameter TGC fits at 176 and 190 GeV,
using various combinations of angular data, a), b), c), d): Fits to ( a ^ , as*); e), f), g), h):
Fits to (awt, aw)- In the legend, the notation 0 | j implies a pair of decay angles (9I,J,4>IJ) for
W —> (leptons, jets) respectively, and | ©,• | implies the ambiguity cosSj «-> — cos8j, <j>j <-> <£, + T
incurred by the inability to distinguish quark from antiquark jets. In plots a), b), e), f), the
angular data simulates channel jjlv (and the "ideal" case, with no ambiguities); in c), d), g),
h), it simulates channel jjjj.
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into account. Using events generated with the ERATO [46] program corresponding to the
expected statistics at 175 and 190 GeV, similar precisions to those shown above are obtained in
fits of aw+ and aw to angular data cos 6, (cos 6t, <f>t) and (cos 8j, ,̂-)foidrfls. In addition, in fits
to a sample of jjtv events generated at 161 GeV corresponding to an integrated luminosity of
lOOpb"1 (as suggested for the determination of the W mass from its threshold excitation [58]),
1 s.d. precisions of 0.18 and 0.43 were obtained in fits of awt and aw respectively. It is
interesting to note that these values compare well with current experimental limits [25, 26],
implying that TGC measurements from this exposure may also be of interest. This conclusion,
however, remains to be tested when backgrounds and other experimental effects are included.

5.2 Biases and systematic errors in TGC determination calculable
at generator level

It was pointed out in the previous section that the analyses presented there are idealized, in
the sense that effects due to finite W width (unless a 4-fermion calculation is used), ISR,
QCD and experimental reconstruction have been ignored. In this section, we consider the
biases introduced in TGC determinations, first, if events generated with a realistic W mass
distribution are nonetheless analyzed in the narrow width approximation, and, second, if ISR
effects are also present, but ignored in the analysis. The discussion of the overall bias to be
expected in TGC determination is pursued in the next section, where biases arising due to
event selection and reconstruction are added to those discussed here. The systematic errors
incurred both in the assessment of these biases and from other sources calculable at generator
level are also estimated in this section.

Figs. 10a) and b) show the effects of ignoring finite W width and ISR in the analysis of
events generated with these effects included. Results are shown for several different generators,
all operating in e+e~ —> W+W~ (CC03) mode. It can be seen, first, that the bias incurred by
neglect of ISR is greater than that from neglect of W width effects, second, that the biases are
smaller when a fit involving more angular data is used, and, third (from b), that the biases are
different for different values of a typical TGC parameter. Finally, we note that the overall bias
is < the statistical error expected from LEP2 data.

The systematic errors arising from these and other sources calculable at generator level are
summarized, using a particular TGC fit as an example, in table 616. The first three entries
come from the effects discussed above, the next two represent two different ways of expressing
the uncertainty in the other electroweak parameters which are important in the evaluation of

I 6 A computational point may be made here: in the evaluation of the differentia] and total cross-sections
needed in the likelihood expression (22), time may be saved by noting that, since the amplitudes for the process
e+e~ -> fififsft (or e+e~ -» W+W~) are linear in the TGCs, an exact parametrization of the cross-section
dependence on any one TGC may be found from a quadratic fit to its values for any three values of the TGC
parameter. This procedure can be extended in an obvious way to fits of two or more parameters.

l eThe magnitude of some of these errors, in particular those arising from finite W width and ISR effects,
depend on the angular data used in the fit, (c.f. fig 10).
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Figure 10: Effect of ignoring finite W width and ISR in TGC fits, a): Results of fits of
to events generated with SM parameters at three energies using various generators. Left-hand
plots: fit to cos$ only; Right-hand plots: fit to cosd, (cos#i, <j>\), (cos02, 4>i)- b): a s a ) , for
EXCALIBUR events at 190 GeV, using cosfl, (cos#i, 4>i), (cos 82, <f>2), as a function of
The legend for both plots is shown on b).

the matrix element, and the final pair represent two independent uncertainties coming from
machine and detector considerations. In any analysis which does not compare total cross-
section predictions with the observed data, the second and last entries will not contribute to
the overall uncertainty. It can be seen that, even when all the relevant entries are added in
quadrature, the total is small compared with the statistical precision expected from LEP2 data,
and we expect the larger component of the systematic error to come from uncertainties in the
experimental effects considered in the next sections.

In addition to the effects considered above, it is legitimate to ask whether colour recombi-
nation effects among the two Ws could affect TGC measurements in the jjjj channel. It has
recently been advocated that such effects may produce a shift of up to 400 MeV in Mw [59].
Therefore, by analogy with the effects of ISR, it may produce a bias in TGC measurements
which would need to be accounted for, and, if not understood, would have an associated sys-
tematic error. However, a preliminary study [60] has indicated that the W production angular
distribution, reconstructed from the hadronization products of generated jjjj events, is little
affected by application of the colour recombination models of ref [59], and hence that it is un-
likely that the shift in TGC values determined from the data in this channel will be significant
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Source of uncertainty

W width
ISR
ISR parametrization

Mw
sin2 6w
Beam energy
Absolute normalization

Uncertainty

AIV = ±0.07 GeV
Aojot/ot^e+e- -» W+W" + radiation) = ±1%

Spread in Monte Carlo estimates
AMW = ±0.18 GeV

sin2 6w = 0.226 (tree-level) -» sin2 0iy = 0.231
Av/5 = ±15 MeV

±1%

Systematic error
in aw$
±0.0004
±0.0013
±0.0020
^0.0021
0.0029

^0.0002
±0.0013

Table 6: Systematic errors from various sources incurred in fits of aw* to angular data cos 8,
(cos0|, <f>i), (cosflj, <Aj)foided at 190 GeV. The 1 s.d. statistical precision estimate for this fit
from LEP2 data (c.f. table 5) is ±0.022.

compared to the expected statistical error.

6 Analysis of the jjeu and jjiiv final states

In the following we address some of the experimental aspects of the analysis of the e+e~ —*
W+W~ —> jjlv channel. In this section, we concentrate on the muon and electron channels,
these being the cleanest and very similar in many respects. The tau channel is considered
separately in the following section. For simplicity, the data are analyzed in terms of the five
angles describing WW production and decay, by analogy with the generator-level analysis
reported in section 5.1. In its extension to a four-fermion treatment, also described in that
section, the effect of the experimental selection and reconstruction procedures are expected to
be the same.

In section 6.1 we describe the efficiencies and purities obtained after the application of typical
selection criteria and of kinematic constraints to the events. In the process of reconstructing
and analyzing jjlv events, there are many experimental effects which can potentially bias the
angular distributions, and hence the fitted values of TGC parameters. The scale of such effects
is estimated in section 6.2, and in section 6.3 we discuss briefly some methods proposed to
allow for them in the analysis. The numbers presented result from a comparison of the work of
several different groups and should be regarded as broadly typical of the four LEP experiments.

6.1 Event selection, kinematic reconstruction and residual back-
ground

The jjlv event selections used typically demand the following:
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- that the event contains a minimum number, typically five or six, of charged track clusters;

- that there is an identified electron or muon, or alternatively a high energy isolated track;

- that the lepton has a momentum greater than its kinematic minimum, ~ 20 GeV;

- that the lepton be isolated, by requiring low activity in a cone around the track (typically
that the energy deposited in a cone of 100-200 mrad be less than 1-2 GeV).

The effect of these cuts corresponds approximately to a fiducial cut in the centre-of-mass polar
angle of the lepton of |cosSjept<m| < 0.95. The acceptance for jets, which have some angular
size, extends further but with falling efficiency. These numbers vary for specific detectors.

The non-lepton system is then split into two (or more) jets using a conventional jet-finding
algorithm. The following kinematic constraints [61] can then be applied to impose energy and
momentum conservation, and to improve the measurements using the fact that the system is
overconstrained:

lCfit: £ £ = £cm,Ep = 0, mv = 0;

3C fit: In addition to 1C, Mrec<m^ructed = Mw for both W candidates;

3C fit: In addition to 1C, Mrecon,trUcted for both W candidates is constrained to a central
value of Mw but is allowed to vary approximately within the W width17.

In the above, mv is the neutrino mass and Mw the W mass. A \2 probability cut, typically
of 0.1-1%, is applied to the constrained fit result. Typical efficiencies after these stages are
shown in table 7 for centre-of-mass energies </s = 175 and 192 GeV. The main loss is due
to geometrical acceptance and lepton identification in the basic selection. The kinematic fits
themselves are of the order of 90% efficient for such a probability cut.

The background estimation was made using event samples, simulated with PYTHIA, of
the final states WW (with neither of the bosons decaying to an electron or a muon), Z-y, ZZ
and Zee. Also, contamination from 77 events, generated with TWOGAM [62], were studied.
Backgrounds from the last two channels were found to be negligible; those from the other final
states are summarized in table 7. Contributions from the non-resonant graphs leading to the
jjlv final state and containing TGCs have also been studied. It is found that, taken in isolation
and ignoring interferences, they are rejected by the selection procedure. The main contribution
to the WW background comes from events where one of the Ws decays into a tau and then
into an electron or muon. Although this channel is sensitive to the TGCs, it will be seen in
section 6.2 that the inclusion of such events into the analysis does not significantly bias the
result.

17This is achieved by including either Gaussian approximations or true Breit-Wigner constraints in the fit
procedure.
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Basic Selection
lCfit
3Cfit
3C'fit

Basic Selection
lCfit
3Cfit
3C'fit

Efficiency % II

Ecm -

77
75
70
72

Ecm -

75
73
66
71

Background
WW {non-jjlu)

= 175 GeV
8
7
1
1

6
5
2
4

= 192 GeV
7
6
1
1

8
7
2
3

ZZ

1
1

0.5
0.5

2
2
1
1

Total

15
13
3.5
5.5

17
15
4
5

Table 7: Efficiencies and purities of the jjlu sample at progressive stages of selection and
kinematic fitting.

1 Selection

1 Before fit
| After 3C fit

[ COS0

0.06-0.13

Lo.05-0.12

COS0J

0.11-0.17
0.07-0.13

Resolution
« (rad)
0.12-0.23
0.10-0.21

0
0

COS $j

.13-0.19

.10-0.17

to («d)
0.11-0.22
0.11-0.21

Table 8: Resolutions on WW production and decay angles using simulated events at 192 GeV.
The ranges indicate the spread of values obtained from different experimental simulations.

Other approaches can be used instead of the selection procedure described above . In
particular, if one wishes to avoid the use of the constrained fit, a cut requiring the missing
momentum direction to be away from the beam pipe, typically cos 6 < 0.95, can be used to
reduce the background from the ZZ and Zj channels. In this case, an algorithm has to be
applied to impose energy and momentum conservation. Nonetheless, in the rest of this section
we adopt the 3C fits as representative of the efficiency and purity which can be achieved.

The resolutions obtained for the WW production and decay angles before and after kine-
matic fitting are shown in table 8. The values shown are averages over the whole fiducial
region; however, in general, the resolutions depend upon the values of the kinematic variables
themselves and, following kinematic fitting, they are correlated. It can be seen that a. modest
improvement in resolution is obtained, the main qualitative effect being due to the recovery of
mis-measured events.
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Statistical Precision
(from table 5)

Biases to Measurement:
ISR and Tw

Selection/Acceptance
Reconstruction/resoln.

Total

Approximate additional
bias due to backgrounds

WW

Zi
ZZ

175
1-D

±0.041

-0.03
-0.06
-0.05

-0.14

-0.005
+0.003
-0.003

GeV
5-D

±0.034

-0.01
-0.02
-0.01

-0.04

-0.002
+0.008
-0.001

192
1-D

±0.027

-0.05
-0.03
-0.03

-0.11

-0.003
-0.003
-0.012

GeV
5-D

±0.022

-0.02
-0.03
-0.01

-0.06

-0.002
+0.002
-0.002

Table 9: Biases in the measurement of a ^ estimated from studies of large samples of fully
simulated events. In the last part of the table the additional biases due to residual backgrounds
are shown.

6.2 Systematic biases and statistical precision

We now consider potential systematic biases, and the degradation of statistical precision due
to experimental effects in the jjlu channel. In this we include a) the neglect of ISR and IV, b)
experimental acceptance, c) reconstruction and detector resolution, and d) residual background
contamination. The first item has been discussed in detail in section 5.2; the result is included
here for completeness. We use as example fits to atw* only.

The overall bias due to a)-d) has been determined using a total of approximately 20,000
simulated jjtv events at 175 GeV and 30,000 events at 192 GeV. A maximum likelihood or
extended maximum likelihood fit was used, assuming in the analysis that the events originate
from WW production with narrow W width and without initial state radiation. We emphasize
that, since the purpose of this study is to show explicitly the scale of the biases, no corrections
for the effects listed above have been applied in the analysis.

The results are shown in table 9. The column labelled ID refers to fits using only the
production angle cos 8. The column labelled 5D refers to fits using the production and decay
angles (with the angles of the hadronically decaying W folded to take account of the ambiguity
described in table 3). The bias due to ISR and IV is derived as described earlier. The
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bias due to event selection and acceptance was determined by comparing fits to the generated
angles before and after event selection, and the bias due to reconstruction and resolution was
determined by comparing fits to generated angles with fits to fully reconstructed angles. In the
last part of the table the additional biases due to background are shown. However the reader
should be aware that these were measured by adding small numbers of events to the sample,
and in the absence of a systematic study should be considered to be very approximate.

We conclude that the size of the biases from ISR and IV, acceptance and reconstruction
are up to a few times the expected statistical error in the case of ID fits, and somewhat smaller
when all the angular information is used. In order that these effects do not present a serious
source of systematic error compared to the statistical error, they will eventually have to be
understood and corrected for, incurring an error of less than ~ 10% of their values.

Finally, we investigate the extent to which the statistical precision in TGC determination
is degraded due to the effects mentioned above. The large simulated sample was divided
into subsamples corresponding to the expected LEP2 statistics. The TGC parameter fit was
performed on each sample, and the standard deviation of the spread of the results calculated.
The precisions given for fits to generator level data for the jjtv channel in table 5 assume an
efficiency of 95%; thus the ideal precision in this channel is better by a factor \/0.95 = 0.97.
Taking this and the estimated experimental efficiency of 70% shown in table 7 into account,
we expect a statistical degradation of ~ ±20% with respect to this ideal case. This is indeed
observed, together with an additional degradation of ±10% to ±20% after application of the
analysis procedure described above, showing the effect of the extra randomization from ISR,
Tw a n d experimental effects.

6.3 Strategies for allowing for systematic biases

In the previous section the scale of the potential systematic bias due to detector and other
effects was quantified. The simplest method of correction for such a bias is to determine its
value for many simulated samples, subtract the mean bias from the experimentally measured
TGC value and assign a systematic error on the basis of the width of the bias distribution
and the experimental number of events. If the spread on the bias is large compared with
the statistical error, this procedure will clearly be far from optimal. A second method is to
use a Monte Carlo simulation to produce a correction function to map between "true" and
"measured" values. This can easily be applied when fitting to a small number of variables, for
instance to the cos 0 distribution alone, but is more difficult to apply in 5 dimensions simply
because of the number of events required to characterize a 5D function in several bins per
variable (unless corrections for each variable can be assumed to factorize). It has previously
been shown at generator level that the precision is maximized by using all variables; it may
however be that when systematic errors are taken into account the best overall precision is
obtained by using a different strategy.

It is nonetheless possible to formulate methods which take resolution effects into account
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in fits using all the kinematic variables. For instance, if the resolution/acceptance function
for the variables (I is known, then the probability function p (n ,P ) used for each event in the
maximum likelihood expressions (21) and (22) given in section 4.2 can be replaced by

nmea.)dntr, (27)

(where P represents the TGC parameters of the fit). The resolution/acceptance function p
gives the probability that the true value Sltrue would be reconstructed as flm<aa.

There are several potential problems with the application of (27): (i) a 5-D integration
is required; (ii) the resolution and acceptance functions will almost certainly not be simple,
nor will they factorize; (iii) the correlations between angles must be known and included (in
particular if kinematically fitted quantities are used). One suggested method [63] uses fully
simulated Monte Carlo events which are passed through the same events selection as data, in
order to calculate the effective likelihood function. The variation of the TGC parameters is
performed by reweighting the Monte Carlo events at their generated coordinates, while the
comparison with data is performed at the reconstructed coordinates. This method can be
applied for any fit dimension and can in principle take into account the effect of acceptance
cuts, experimental resolution, any kinematic fitting procedure and background contamination
in the data.

7 Analysis of the jjru final state

This channel requires special attention for two reasons. First, it comprises a sizeable part
of the semileptonic WW decays and therefore could provide a useful addition to the available
statistics and, second, it is a background mainly for the hadronic channel and therefore methods
are required to reject it.

In this study we consider only the hadronic decays of the T and describe criteria to select
this final state. The resulting efficiency and purity expected for the sample and the resolution
expected in the angular variables are presented. We find that an increase in the overall number
of events selected for analysis in the jjlu channel of between 10 - 20% can be expected.

7.1 Selection and reconstruction of jjrv events

To select jjrv events, we make use of the characteristics of the r jet, namely small jet opening
angle and low jet-charge multiplicity and of the global characteristics of the event, mainly
missing energy and event acoplanarity.

The signal for the jjru final state has a 3-jet topology, while the main sources of background
(WW -* jjjj and WW —» Zj(s) —> qift) fall into the 4-jet and 2-jet topologies respectively.
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Thus the choice of the resolution parameter in a jet-clustering algorithm is quite significant.
Requiring at least 3 jets in the event, we find a T-reconstruction efficiency of 70 — 80% while
only 30 — 40% of Z~y events survive. The clustering algorithm itself ensures isolation for the r
jet.

Jets from r decays can be distinguished from quark and gluon jets by the distribution of
quantities such as the track multiplicity (total or charged), the maximum angle of any charged
track in the jet to the jet axis, and the fractional energy of the jet contained within a cone of a
specified angle (say, 0.1 rad) about the jet axis. A likelihood function based on such parameters
has been constructed, giving a typical efficiency of about 70% with a rejection factor for quark
and gluon jets close to 50. The charge of the r lepton can be estimated rather reliably from
the total charge of the tracks in the jet (excluding those with momenta < 1 GeV/c from the
sum in order to reduce the contribution from soft tracks from neighbouring jets).

The T signal can be further enhanced by requiring that the event contains less than five
jets and that the sum of the missing energy and the energy of the reconstructed T candidate
should exceed y/a/2. This results in a selection efficiency for r events of about 90% with a
rejection factor against the WW -+ jjjj channel and against ZZ events of greater than 10. In
addition, constraints on the polar angle of the missing momentum and the acoplanarity of the
event can be imposed to reduce further the background from Zf events. A rejection factor of
10 is obtained while about 20% of the signal is lost. Finally, the very forward electromagnetic
calorimetry can be used to detect ISR photon(s) in cases where they have not escaped in the
beam pipe.

It may be noted from the above that missing energy and missing momentum are key variables
for the rejection of all types of background, and therefore the hermiticity of the detector is an
important factor.

The efficiencies and purities obtained for jjrv events from a sample of simulated events at
192 GeV are shown in table 10. The background from the jjlu channel stems mainly from
inefficiencies in muon detection in the simulation used, and some improvement may be possible
here. The application of a 2-constraint kinematic fit18 can also be seen to provide background
rejection, with a small decrease in the T selection efficiency.

An improvement to the kinematic fit may result by constraining the r momentum, using the
fact that the direction of the r can be accurately estimated from the combined momentum
of its visible decay products, so that the r energy can then be computed from the W decay
kinematics [64].

"The 2C fit imposes energy and momentum conservation and constrains the jj and rvr systems to have the
W mass, leaving the momentum of the neutrino from W decay and the r energy as tree variables (with a lower
limit on Er given by the visible energy of the r decay products).
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Selection

1 No fit
1 2Cfit

Efficiency %

35-45
32-42

Z-
4 -
0-

r
6
2

Background %
WW ->jjjj

4
2-

8
5

5 - 8
5 - 8

0 - 2
0 - 0

1
total |

13-24
7-15

Table 10: Typical efficiencies and purities for the jjru channel with no kinematic fit and with
a 2-constraint kinematic fit.

7.2 Resolution in reconstructed quantities

The resolution in the centre-of-mass polar and azimuthal angular variables of the r, evaluated
using 2-Gaussian fits to the differences between reconstructed and generated values, is of the
order of 5 mrad in 75% of the events, and is not changed much by the kinematic fit. The
energy of the original r can only be estimated at a level of AE/E = 0.15 with no kinematic
fit, but after the fit has a resolution AE/E = 0.05 in 80% of events. The resolutions in the W
production and decay angles, evaluated after the kinematic fit, are found to be AcosB = 0.11,
Acos9T = 0.13 and A4>T = 250 mrad respectively.

7.3 TGC determination from jjrv events

The precision with which TGCs can be determined from jjru events has been investigated
using a sample of 937 fully simulated events, generated at 192 GeV with finite W width and
ISR, corresponding to an integrated luminosity of SOOpb"1. Of these events, 390 survived the
selection and reconstruction procedures described above. The parameter aw<t, was fitted to
the cross-section (17) (i.e. in the narrow width, no ISR approximation), using the extended
maximum likelihood method described in section 4.2 and folding over the 2 ambiguous solutions.
The 1 s.d. precision in aw* was found to be ±0.06 with estimated biases of -0.04 from the
neglect of W width and ISR, —0.025 from the effects of reconstruction, and -4-0.03 from the
presence of background events.

8 Analysis of the jjjj final state

The advantage of the high branching fraction of this channel is somewhat reduced by exper-
imental difficulties associated with the purely hadronic nature of the final state. Background
rejection in the four-jet channel is difficult, since no high-energy charged lepton is present to
tag one W as in the semileptonic case. The largest background is expected from the high
cross-section channel e+e~ —•> Z/7* —> qq(i) leading to multi-jet final states. Also, since the
decay modes of the two Ws are both hadronic, the problem arises of selecting the correct pairs
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Efficiency (%)
Purity (%)

Background(%)
e + e - _> q§y

e+e~ -* ZZ -> qqq1?
e + e - _> WW - jjtu

s/$ = 175 GeV
54-59

92

00 
O

 
O

y/s = 192 GeV
52
90

8
2
0

Table 11: Efficiency and purity of samples of events selected with the cuts described in the text
at two centre-of-mass energies.

of between 30 and 50%). However, it has less effect on the jet angular resolutions, which are
typically between 20 and 30 mrad for about 2/3 of the selected events.

Acosl (mrad)

Before kinematic fit
0.12
50.0

After kinematic fit
0.08
40.0

Table 12: Resolutions in jet energy and W production angle before and after the kinematic fit
at 192 GeV.

8.4 W charge assignment

The ambiguities in angular data arising from the inability to distinguish quark from antiquark
jets in W decay have been listed in table 3, and the generator level studies simulating the
jjjj channel described in section 5.1 were made using distributions folded in both production
and decay angles. In order to attempt to resolve the ambiguity on the production angle, a jet
charge can be defined by weighting the charge Qi of each particle assigned to the jet with some
function of its momentum,

(28)

Different weight functions have been tried, based on transverse momentum, on rapidity, and on
a power of the momentum [71, 72, 73, 74]. It appears very difficult to identify the charges of each
individual jet. But, since the separation between the charges of the two Ws is equal to 2, one
can more easily distinguish the W~ from the W+ and therefore determine the production angle
in the lab frame. The charges of the two jets assigned to one W on the basis of the kinematic
fit are therefore added together to evaluate the charge of the W. The fraction of selected events
where the charge is correctly assigned is found to be 80%. No significant difference among the
various weight functions was found. The W charge identification implies a gain in sensitivity
in TGC determinations.
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8.5 TGC determination from jjjj events

The precision obtained in TGC determination after application of the procedures outlined
above has been estimated using a fully simulated sample of 2292 events at </•* — 192 GeV,
corresponding to an integrated luminosity of 500 pb"1. Two types of fit were performed to
the observed angular distributions, namely, a x* fit to the production angle cos# only, and
an unbinned maximum likelihood fit (as described in section 4.2) to the production angle and
folded W decay angles (costf,,, ^j,)f.wed, (cos 9^, <t>n)tMt&- In both fits, the ambiguity in
production angle was resolved using the jet charge assignment. Precisions obtained in fits to
the TGC parameters aw4, and aw are shown in table 13.

Fitted parameter
value

aw*
aw

Fitting method
X method

0.04
0.07

Maximum likelihood method
0.02
0.04

Table 13: 1 s.d. errors in fitted values of parameters aw4, and aw to a sample of 2292 fully
simulated jjjj events at 192 GeV. x* fits were made to the production angle only and maximum
likelihood fits to production and folded decay angles.

The data used in the fits were generated according to the Standard Model using PYTEIA,
with Tw = 2.1 GeV and with ISR. The theoretical expectations [52, 6] were calculated with
Tw = 0 and without ISR. In these conditions, a biased result is expected, as indicated from
the results shown in fig 10 (section 5.2). In addition, experimental biases due to the selection
and reconstruction procedures are to be expected, as found in the analysis of the jjlv channel
and discussed in section 6. In the case of the jjjj channel, the angular distributions are quite
severely distorted by bad association of pairs of jets to the parent W and by wrong W charge
assignment, and the resulting biases can easily simulate an anomalous TGC. The results shown
for the fit to the production angle only include the effect of the application of a procedure to
correct for the bias. Although based at present on the use of very limited Monte Carlo statistics,
the fitted central values are found to remain within ~ lcr of the SM values after application
of the correction. However, a full study of the biases in this channel and the development of
methods to correct for them in fits using several angular variables have yet to be carried out.

9 Analysis of the Ivlv final state

The analysis of the channel in which both Ws decay leptonically presents particular problems.
It is the least statistically significant final state (with branching ratio ~ 11% for I = e,n,r), the
missing neutrino momenta imply that the W direction cannot be determined unambiguously,
and, if one or both of the Ws decay into rVT or its charge conjugate, the presence of the
extra neutrino from r decay makes it impossible to reconstruct the event, reducing the useful
branching ratio of such events to around 5%. On the other hand, the knowledge of the W
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of jets to form the two Ws and of assigning their charges.

In the following we suggest an analysis of the jjjj channel, including event selection, jet
reconstruction and kinematic fitting, and indicate the expected efficiency and background levels.
A section is devoted to jet- and W-charge tagging. We then discuss the determination of TGCs
from the selected events, and draw conclusions on the sensitivity of the four-jet channel.

8.1 Selection of events and reconstruction of 4 jets in the final state

The general criteria for the selection oi jjjj events are based on the fact that the hadronization
of four quarks gives rise to a high multiplicity of particles in the final state, and to a large visible
energy. Other types of events with hadrons in the final state can have similar characteristics,
mainly the jjlv channel and the reactions e+e~ —• qqy with Af,̂  >120 GeV19 and e+e~ —»
ZZ —> qqq'q'. The first two reactions can mimic 4 jets when gluon radiation has occurred.

The following variables were typically used to select jjjj events:

- A large multiplicity of particles in the detector (Ncharged > 25, or Ncharged + Nnwt, >
25 - 40). This cut helps to reject jjtu and QCD background, where the observed hadrons
originate from a smaller number of initial quarks;

- Small thrust and/or large sphericity (T < 0.9 - 0.97 or S > 0.1). The QCD background
generally consists of two back-to-back jets (T —* 1, S —* 0), while the WW hadronic
decays are more isotropic. However, the discriminating power of these variables becomes
smaller as -y/J increases;

- Large total visible energy (charged + neutral);

- Small missing energy (Emit, < 40 — 50 GeV). Large missing energy and momentum are
associated with the neutrino in leptonic W decays, and with an undetected high energy
photon in qqy events.

Events from the jjlv channel can also be suppressed by requiring that no energetic isolated
track or high energy identified lepton be present. The efficiency of the selection criteria at this
stage is typically around 80% and the purity of the surviving sample is around 60%.

After the cuts described above, the final state particles are grouped into four jets. For this
purpose, several clustering algorithms have been tried, which fall into two categories, namely
transverse momentum-based clustering, such as LUCLUS [65], PUJET4 [66], DURHAM [67] or
GENEVA [68], and scaled invariant mass squared clustering, such as JADE [69]. Comparative
studies have shown that differences are contained to within about 3%, with the algorithms based

"Events with a lower invariant mass of the qq system correspond to radiative return to the Z° peak and can
be easily rejected either because the photon radiated from the initial state is detected or because the missing
momentum associated with it is very high.
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on transverse momentum reproducing the initial parton directions somewhat better, leading to
better jet definition and hence better resolution in invariant mass.

Further rejection of background can be achieved by application of the following additional
cuts to the reconstructed jets, leading to a jjjj purity of ~ 80%:
- Minimum number of particles inside each jet (2 to 5);
- Minimum angular separation between jets (20°);
- Minimum energy of the 2 least energetic jets (15-20 GeV);
- Minimum jet-jet invariant mass ( Ycut = 0.002-^/5).

8.2 Kinematic fitting

The kinematic fit is used as a tool to improve the resolution on measured quantities by impos-
ing external constraints. For the jjjj channel, the measured quantities are the energies and
polar and azimuthal angles of the four reconstructed jets (and, for massive jets, their invariant
masses). The external constraints which can be imposed are as follows:
1) energy-momentum conservation (4C),
2) as 1), plus equality of the two reconstructed invariant jet-jet masses (5C), or
3) as 1), plus equality of the two reconstructed invariant jet-jet masses with Mw (6C).

The importance and the limits of kinematic fitting have been discussed in previous sections
of this report, and technical details can be found in references [66, 70]. As in their application to
TGC determination in the jjlv channel (see section 6) the second and third constraints can be
imposed without fear of introducing biases, as they would if applied to W mass determination.
Nonetheless, a comparison of results using different constraints has shown that there is negligible
gain in going from the 4C fit to the 5C or 6C fits, and the results given below have used a 4C
fit, followed by cuts on the invariant masses of the jets assigned to each W. In order to choose
the best pairing of the four jets into two Ws , kinematic fits are made to each of the three
pairings, and that with the largest x2 probability is taken as the correct combination.

8.3 Results in efficiency and resolution

After additional cuts on the fitted quantities to reduce background contamination, the effi-
ciencies, purities and remaining background content of selected event samples generated with
different detector simulations and at two centre-of-mass energies are as shown in table 11.

The resolutions in the radial and azimuthal jet angles 9jtt, <f>jet and the resolution AEjet/E!jTJt°
in the jet energy can be estimated by comparing each reconstructed jet with the closest gen-
erated quark direction. They show little dependence on the centre-of-mass energy and on the
different detector simulations. Results for the resolutions in jet energy and in the reconstructed
W production angle cos 8 for simulations at 192 GeV are shown in table 12. It can be seen
that the kinematic fit substantially improves the resolutions in the variables shown (by a factor
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Cut

y/i (GeV)
Efficiency (%)

Purity (%)
Background (%)

Z-i

zz
WW -> IVTV

Nufton. = 2
leptons 6 {e,(i}

175
82.7
9.70

86.0
0.4
3.83

190
80.1
9.35

87.0
0.5
3.16

P?''"• > 1.5 GeV

175
82.6
25.2

63.6
1.22
9.99

190
79.9
24.5

65.9
1.32
8.28

. „ MlV <MZ- r z ,
' " ' • Mip>Mz + Tz

175
79.2
31.9

53.4
1.60
13.1

190
77.8
30.9

57.7
0.89
10.5

Recon-
struction
175
58.7
88.4

6.33
0.32
4.93

190
58.5
80.8

14.1
0.28
4.75

Table 14: Efficiencies and purities in selection of Ivlv events at 175 and 190 GeV.

charge and the small reconstruction errors of leptons favour this channel in contrast to the
4 jet channel. In this section the usefulness of the purely leptonic decay channel for TGC
determination is discussed in the light of these considerations.

9.1 Selection of £v£v events

The Ivlv event signature is very simple: two leptons and large missing energy. This makes the
channel easy to identify, but the background contributions, chiefly from Z"i, are high. Also, Ivlv
events with one or two leptonic r decays (Bil r_ t i^ ss 35%) constitute a possible background
of about 1.8% of the total number of WW events. The typical selection criteria used for Ivlv
events aim at reducing these backgrounds by requiring large missing transverse momentum
and, for equal flavours, that the mass of the lepton-lepton system should not be close to Mz-
In addition it is also necessary that physical solutions to the reconstructed neutrino directions
exist - this turns out to give the strongest background rejection.

For purely leptonic WW events the momenta of the 2 neutrinos are unknown. However,
in the absence of ISR and for fixed Mw, we have six constraints allowing the momenta of the
neutrinos to be reconstructed [3]. The quadratic nature of these constraints results in a two-
fold ambiguity, corresponding to flipping both neutrinos with respect to the lepton-antilepton
plane, hence only affecting cos8, <j>\, and fa, while leaving cos#i and cos#2 unchanged.

The efficiencies and purities after each stage in event selection and reconstruction are shown
in table 14 for fully simulated events generated with ISR and finite width. It can be seen that
the required existence of solutions to the six constraints provides a very strong background
suppression. However, it is important to note that the solution of these equations requires the
use of all the kinematic information available in the event, leaving no possibility, for instance,
of accounting for ISR or finite W width effects. Thus, with these effects included, no solution
is found at generator level for about 20% of the events.
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9.2 TGC measurements from tvtv events

The precision with which TGCs can be determined from Ivlv events has been investigated
using samples of fully simulated events, generated at 175 and 190 GeV with finite W width
and ISR, corresponding to an integrated luminosity of 500pb-1. The parameter aw<j, was fitted
to the cross-section (17) (i.e. in the narrow width, no ISR approximation), using the extended
maximum likelihood method described in section 4.2 and folding over the 2 ambiguous solutions.
The 1 s.d. precision in aw<t. was found to be ±0.15 at 175 GeV, with estimated biases20 of
—0.04 from the neglect of W width and ISR, -0.05 from the same sources plus the effects of
reconstruction, and a combined bias of —0.07 when, in addition, background events are added.
At 190 GeV the precision in aw<t> was found to be ±0.09 and the same biases -0.04, —0.13 and
—0.21, respectively.

Taking into account the small number of Ivlv events (s« 220) in the sample, it is clear
that the sensitivity to TGCs is highly preserved in this channel, despite the two-fold ambigu-
ity. However, it is clear that, due to the very limited statistics, they will have to be used in
combination with events from other decay channels.

10 Other Anomalous Couplings and Other Channels

10.1 Constraints on WWj Coupling from e+e —* v

The W+W~ production process suffers from the drawback that both W+W~i and W+W~Z
couplings contribute and it is not easy to disentangle the various contributions. However,
there does exist a process, namely e+e~ -+ vv-y, which allows us to concentrate solely on the
W+W~f vertex. The matrix-element for Vvy production in terms of the WWy TGCs /c7, A7

in (1) has been calculated in Ref.[75]. In the numerical analysis we set acceptance cuts of a
minimum photon angle of 20° and transverse momentum of 10 GeV. To increase the sensitivity
to anomalous couplings the background from the Z exchange graphs, e+e~ —> Z-y —» vvy,
is eliminated by requiring the energy of the photon to be at least 5Tz away from the energy
corresponding to the Z7 final state which essentially amounts to an upper limit on photon
energy of 53 GeV. With these cuts the cross-section21 for the standard model is 1 pb at y/s = 175
GeV, which still leads to an appreciable number of events at design luminosity of 500 pb"1.
Cross-sections for non-standard TGC, within these cuts, differ by less than 0.1 pb for |A/c|
and/or |A| < 2, so not much sensitivity is expected from the total cross-sections alone. Looking,
however, at the deviations of the differential cross-sections from the standard model predictions

2one can set some limits on the parameters. We consider a \2 fit data, adding in
30Due to limited statistics the statistical errors on the results from which the biases are estimated are of the

same order as the biases themselves, but since the samples are correlated the statistical error of the biases are
expected to be smaller.

31 We have not included effects of initial state radiation.
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quadrature a relative systematic error of e = 0.02. In Fig. 11 we show the contour plots for the
X2 distributions as functions of AK^ and A7 as extracted from a) the energy, b) the transverse
momentum distributions of the photon22. We used equal size binning with 17 and 16 bins for
the two cases respectively. This process is, in general, more sensitive to A/c7 than to AT. It
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Figure 11: x2 contours in the A K 7 - A 7 plane as derived from (a) energy and (4) transverse
momentum distributions, for -y/s = 175 GeV and integrated luminosity of 500 pb"1.

is thus somewhat complementary to Tevatron bounds which are derived from Wy production.
While quantitative improvements on the constraints may be made by considering two-variable
distributions or by adopting maximum likelihood methods, these would still not be competitive
with those deduced from W+W~ production. However, the F1/7 channel isolates the WW-y
couplings and probes them in a different q2 region. Therefore it complements the information
obtained from W-pair production.

10.2 Anomalous Zj couplings 23

While the measurement of WWf and WWZ couplings at LEP2 has deservedly received con-
siderable attention, it is also important to search for couplings between the neutral gauge
bosons[76, 77], For the trilinear ZV-y vertex (V = Z,f) the most general vertex function in-
variant under Lorentz and electromagnetic gauge transformations can be described in terms
of four independent 24 dimensionless form factors[78], denoted by h?, i=l,2,3,4. The parts
of the vertex function proportional to hY and hY are CP-violating while those involving the
other pair of form factors are CP-conserving. As is well known, all Zf form factors are zero at
the tree level in the SM. At the one-loop level, hY and hY are zero while the CP-conserving

"The angular distributions ate less sensitive to the anomalous couplings.
3SWe are grateful to Ulrieh Baur for making his Zy event generator available to us.
' 4 As for the WWV TGCs of Eq. (1), constraints on the different hY can be obtained from restriction to the

lowest terms of a gauge-invariant expansion in 1/AKP-
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form factors are nonzero but too small to lead to observable effects at any present or planned
experiment. Observation of Z~i couplings would, therefore, signal physics beyond the SM.

We have carried out a generator-level study to estimate the sensitivity at LEP2 to anomalous
Zi couplings. Following reference [78], the form factors were parameterized as hY = hY0/(l +
(P2/A2/))"1' where P is the effective center-of-mass energy, and h^, Ay, and in are parameters.
For comparison with present limits on Z7 couplings, we chose n\ = ra3 = ne = 3.0 and

7 (ppy) and e+e~ —> vvy (I7), have been= 714 = rig = 4.0. Two channels, e+e+e~ /x+/i

studied in detail. At LEP2 energies it turns out that the I7 channel is much more sensitive
to anomalous Zf couplings than the fifi-f channel. This is due mainly to anomalous couplings
being dominated by the case where the detected photon recoils against a resonant Z and that
T(Z -> vv) S 6T(Z
channel alone.

fi+ft~). Below we thus report on the sensitivity expected from the I7

Experimentally, anomalous couplings in the I7 channel would populate the same energy
range as "radiative return" to the Z pole through initial-state radiation (ISR), namely, the
reflection of the Z pole centered on Eo = (s — m%)l{2y/s). Unlike photons from ISR, however,
photons from anomalous couplings are distributed almost uniformly in solid angle. In our sen-
sitivity analysis, which employed event counting rather than fits to distributions, we therefore
required (a) the photon energy to be within 10 GeV of Eo and (b) \cos6^\< 0.8 in order to
maintain good acceptance for anomalous couplings while suppressing the background from ISR.
For I7 events passing these cuts, a combined trigger and reconstruction efficiency of 90% was
assumed.

Figure 12(a) shows the ZZy couplings that would be excluded at the 95% C.L. for \A=175
GeV and 500 pb"1 assuming that the SM expectation is observed26. The limits are shown for
two different values of kz to provide some indication of how much they depend on the particular
choice of parameter values. Limits on these couplings have been published recently by L3[79],
CDF[80], and D0[81]; the L3 and CDF limits are also plotted. It is evident that the expected
sensitivity of LEP2 is comparable to the combined sensitivity of searches by LEP1 and Tevatron
experiments. Figure 12(b) shows the corresponding estimated sensitivity to anomalous 277
couplings. As can be seen from comparison with the limits from CDF[80] (competitive limits
have also been published by D0[81]), LEP2 is expected to extend considerably the sensitivity
to Z77 couplings.

The sensitivity to anomalous Z-f couplings increases rapidly with center-of-mass energy,
the effect being more pronounced for sensitivity to hY and hY, which correspond to dimension-8
operators compared to dimension-6 operators in the case of hY and h%. For example, sensitivity
to hl0 (AJ0) is improved by about 25% at 192 GeV, even with a smaller integrated luminosity of
300 pb"1. Although backgrounds are expected to be more severe, analysis of the event sample
consisting of hadrons and an isolated, energetic photon may provide another way of significantly
increasing sensitivity to Zj couplings.

"The effects of QED corrections on LEP2 sensitivities are not reflected in Fig. 12. These corrections reduce
the sensitivity to anomalous Zy couplings but by less than 10%.
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10.3 Constraints on gauge boson interactions from e~ qq,ll

The description of NP for e~e+ —> qq , II in terms of dimension 6, purely bosonic, SU(2) x U(l)
gauge invariant operators necessitates the consideration of the interactions

CNP = -

(29)

in addition to the ones mentioned in Section 2.1.1. Such interactions affect the gauge boson
propagator at the tree level and are thus rather strongly constrained by LEPl measurements.
Nevertheless LEP2 can significantly improve these constraints, particularly for the first two
terms in (29) which give a q* contribution to the gauge boson propagator [34]. It has been
remarked in [82], that if the physical quantities measurable in e~e+ —• qq , II at LEP2 are
expressed in terms of Z-peak observables, then the aforementioned q* contribution allows the
remaining anomalous dependence of the results to be described in terms of only the two cou-
plings fow and fuB- Thus by looking at <^na(} rons , <V)-TJ very strong constraints on these
couplings should be possible; (see Fig. 13).
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Figure 13: Sensitivity of LEP2 to fow and fas from e~e+ —» qq ,11 at yfs — 175 GeV and
500 pb"1 (one experiment). Constraints from <7Wron. (solid lines); o^r (dashed lines); Apg
(dash-dotted lines); <T(, (dotted lines); global fit (solid ellipse). AJVP = 1 TeV is assumed.

10.4 Higgs anomalous couplings

Anomalous couplings could also arise for the Higgs interactions with itself and the gauge bosons.
In fact, dynamical considerations indicate that it is easier to generate anomalous couplings for
the Higgs rather than for the gauge bosons [12, 13]. The dimension 6, SU{2) x ?7(1) invariant,
CP conserving interaction is

CNP = -T
V2

-.2 -»/if

B,.,)
4/«

,,2
(30)

The first two of the above terms generate Higgs-gauge boson interactions while the last one
induces anomalous Higgs interactions through a renormalization of the Higgs field.

As in section 2.1.1, unitarity can be used to associate to any given value of each of these
anomalous couplings the largest allowed scale Ay where New Physics generates it. For the first
two operators these relations are

d
104.5

f o r d d
104.5

0 , (31)

195-8 (

1 + 200
for <2B > 0 , ds — —

195-8

+ 50
for dB < 0 . (32)
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Thus, for Ar/ = 1 TeV, the largest allowed values are d ~ 0.4 or - 1 and dB a; 0.6 or - 1 .

The above anomalous Higgs couplings may be studied at LEP2 through the processes
e~e+ —* ZH, provided mg < i/s — Mz, or via e~e+ —» -fH if m.R < ^/i. Considering tree
level anomalous contributions and restricting to cases where only one of the operators above is
active [83, 84, 85, 86], we get the results given in the figures below. Thus, from Fig. 14a, pre-
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Figure 14: Distribution of Higgs production angle, d<r/dcos6, for (a) HZ production at mg =
80 GeV and (b) Hf production at mH = 120 GeV.

senting e~e+ —» ZH, we deduce observability limits |/^2| =* 0.01 and \d\ ~ 0.015 (|(2B| ~ 0.05)
corresponding to Ar/ a; 6 - 7 TeV ( Kv =* 5 TeV) for mH ~ 80 GeV.

More striking is the process e~e+ —> fH which is unobservable at LEP2 in the SM [87, 88],
but may become observable in the presence of NP interactions for the Higgs. A sensitivity to
\d\ ~ 0.05 or |<£B| ~ 0.025 should be possible from this process for ms ~ 80 GeV, which means
testing NP scales up to 3 and 7 TeV, respectively[86].

11 Conclusions

Experiments at LEP2 will allow a precise direct measurement of the most immediate conse-
quence of the non-Abelian character of the electroweak bosons, the TGC of the W to the
photon and the Z. Various channels can provide information on non-standard interactions in
the bosonic sector. The process e~e+ —> ff determines oblique parameters which are comple-
mentary to LEP1 results. Zf, HZ and H-f production allow one to search for non-standard
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boson couplings in the neutral sector, e e+ —* vvf is marginally sensitive to the WWf cou-
pling in isolation. However, the most important process is clearly e"e+ —> W~W+ or its
generalization, 4 fermion production.

Of the various decay channels, the semileptonic modes W~W* —• jjeu, jjfiv will provide
the most precise individual measurements of TGCs, since high statistics and almost complete
information on the decay distributions are combined. Of particular importance is the iden-
tification of the W charge which is needed to measure the full production angle distribution
dv/dcos8. Also, the decay angular distributions and their correlations with each other and
with the W production angle are needed to resolve the correlations between different TGCs to
a maximal extent.

A priori, the jjjj final state provides incomplete information on the W charges. How-
ever, correct charge assignments at the 80% level can be obtained by determining weighted jet
charges, providing potentially valuable additional information in TGC determination. While
more limited in statistics, the leptonic channel, Ivlv, is particularly clean, and the jjru channel
will also be of use in TGC analyses.

Using jjev and jjftu data alone, measurements of particular TGC parameters at i/s =
192 GeV appear possible at generator level with a precision of ss ±0.02 for an integrated
luminosity of 500 pb"1. The effects of ISR and finite W-width and the application of exper-
imental selection, acceptance and reconstruction procedures lead to a degradation estimated
at ss 30 — 40% in the precision, and to a systematic shift which is a factor 3 larger than the
statistical error, but our studies indicate that this bias can be corrected. For more general
TGCs, considerable cancellation between different parameters is possible, resulting in weaker
bounds. It is for this case that information from the full five-fold angular distribution of W~ W+

production and decay angles or its generalization to 4-fermion final states becomes particularly
important.
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1 Introduction

Direct production of new particles (with special emphasis on Higgs and supersymmetric part-
ners) and possible indirect effects due to deviations from the predictions of the Standard Model
(hereafter denoted as SM), in particular in the presence of anomalous triple gauge couplings, will
be soon thoroughly searched for at LEP2 in the forthcoming few years. In both cases, typical
and sometimes spectacular experimental signatures would exist, allowing to draw unambiguous
conclusions if a certain type of signal were discovered.

At LEP2, one extra Z (to be called Z' from now on) would not be directly produced, owing
to the already existing mass limits from Tevatron.Its indirect effects on several observables
might be, though, sizeable, since it would enter the theoretical expressions at tree level. In
this sense, Z' effects at LEP2 would be of similar type to those coming from anomalous triple
gauge couplings (hereafter denoted as AGC), although the responsible mechanism would be of
totally different physical origin. This peculiar feature of a Z' at LEP2 has substantially oriented
the line of research of ourworking group. In fact, we have tried in this report to answer two
complementary questions.

The first one was the question "which information on a Z' can one derive if no indirect
signal of any type is seen at LEP2? ". To answer this point leads to the derivation, to a certain
conventionally chosen confidence limit, of (negative) bounds on the Z' mass Mz>. This has
been done for a number of "canonical" Z' models, and the resulting bounds (that are typically
in the TeV range) will be shown in section 2 together with those for more general Z' 's that
might not be detected at an hadronic collider.

The second question is: "if a signal of indirect type were seen at LEP2, would it be possible
to decide whether it may come from a Z' or, typically, from a model with anomalous triple gauge
couplings?". The answer to this question , which is essentially provided from measurements in
the final leptonic channel, is given in section 3. In section 4, the role of the final WW channel,
that might a priori not be negligible for a Z' of most general type, has also been investigated
and shown to be irrelevant at LEP2. Section 5 is devoted to a short final discussion, that will
conclude our work.

2 Derivation of bounds

Theoretical motivations for the existence of a Z' have already been given by several authors, and
excellent reviews are available [1], where the most studied models are listed and summarized.
In the following, we will limit ourselves in defining as "canonical" cases those of a Z' from either
Ee [2] or Left-Right symmetric models [3] type. For sake of completeness we shall also consider
the often quoted case of a "Sequential" Standard Model Z' [4] (hereafter denoted as SSM),
whose couplings to fermions are the same of those of the SM Z°. For these models, derivations
of bounds for Z' parameters (Z — Z' mixing angle and Mz>) have been obtained from present
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data[5],[6] and calculations of discovery limits for Mz> performed for future colliders[7],[8],
including also a discussion of Z' model identification. Therefore, the first question that we
shall answer in our report will be that of how do the LEP2 indirect mass limits compare to the
direct ones achievable at Tevatron now and in a not too far future (i.e. assuming an integrated
luminosity of lfb~l). In fact a motivation of our work was also that of deriving limits on a Z'
whose couplings to fermions are completely free, including cases that would not be detectable
by any present or future hadronic collider (for example for negligibly small Z' quark couplings).
For this purpose, the final leptonic channel at LEP2 provides all the necessary experimental
information, and we shall consequently begin our analysis with the detailed examination of the
role of this channel.

To fix our normalization and conventions, we shall write the expression of the invariant
amplitude for the process e+e" -> /+/" (where 1 is a generic charged lepton) in the Born
approximation and in the presence of a Z'. Denoting q2 as the squared center of mass energy
this amplitude reads in our notations:

where:
(i)

(2)

and(note the particular normalization):

'-M144

(3)

(4)

In the previous equations e0 = goso, cjj = 1-sl, g$ ~ I3r, = — § and g$ = —| + 2«o. Following
the usual approach we shall treat the SM sector at one loop and the Z' contribution at tree level.
The Z' width will be assumed "sufficiently" small with respect to Mz> to be safely neglected
in the Z' propagator. Moreover the Z — Z' mixing angle will be ignored since the limits for
this quantity provided by LEP1 data from the final leptonic channel are enough constraining
to rule out the possibility of any observable effect in the final leptonic channel at LEP2 (this
has been shown in a previous paper [6] for the "canonical" cases and for a general Z' case in
a more recent preprint [8]). If we stick ourselves to the final charged leptonic states, we must
therefore only deal with two "effective" parameters, that might be chosen as the adimensional

quantities 9viJ M^-q3 an(^ ^'Al\l M*-<i> (*^*s w o u ld be somehow reminiscent of notations that
are common for models with AGO, with Mz< playing the role of the scale of new physics). In
practice, for the specific purpose of the derivation of bounds, a convenient choice was that of

579

the following reseated couplings [9]:

and

with a = ij7 and »%, = 1 - cfp = 0.231.

(5)

(6)

As previously stressed our first task has been that of the derivation of constraints for the
two previous rescaled couplings from the non observation of effects in the leptonic channel.
We considered as observables at LEP2 the leptonic cross section tri and the forward-backward
asymmetry Al

FB, obtained from measurements of (i and r final states, and also the final T
polarization AT (we have not yet included the electron channel because a full assessment of the
corresponding experimental precision is more complicated at this stage). Three different energy-
integrated luminosity configurations were considered, i.e. \fq* = 140 GeV and / Lit = 5p6-1,
175(500) and 192(300). Table 1 gives the SM predictions for the three leptonic quantities
together with the expected experimental accuracies in the three cases. For each energy the first
block of three lines contains convoluted quantities, whereas the second does not.

A short technical discussion about the way we have calculated the effects of QED emission
is now appropriate. In fact two main approaches exist that use either complete Feynmann
diagrams evaluation to compute photonic emission from external legs [10] or the so called
QED structure function formalism [11], based on the analogy with QCD factorization and
on the use of the Lipatov-Altarelli- Parisi evolution equation [12]. In the calculation of the
limits on rescaled parameters performed in this section we have used the code ZEFIT [13]
together with ZFITTER [14]. These programs utilize the first approach [10]. More precisely
ZFITTER has all SM corrections and all possibilities to apply kinematical cuts.The code ZEFIT
contains the additional Z' contributions including the full first order QED correction with soft
photon exponentiation. The first version of this combination, applied to LEP1 data, which was
restricted to definite Z' models, has been adapted for the model independent analysis that we
are now performing at LEP2.

In practice the largest contribution is due to initial state radiation. The corresponding
expressions for the cross section and forward-backward asymmetry read:

<rT= (7)

The reduced energy 3' reads a' = q2(l - k) and A = ^ — . To first order in a, improved by
soft photon exponentiation, the two functions •&$•(&) and ^FB(fc) are given by the following
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expressions:

where

the soft radiaton part reads:

and the hard radiation parts:

(9)

(10)

(11)

(12)

HFB(k) = _ e >

The value of A is chosen by requiring that the invariant mass of the final fermion pair Af,2, =
(1 — A)q2 is "sufficiently" greater than Afz, to exclude the radiative return to the Z peak.
This has very important implications for searches of Z' effects, since it is well known that the
radiative tail can enhance the SM cross section by a factor 2 — 3, then completely diluting
the small Z' effects, as fully discussed in a previous paper [15] . Results shown in table 1 are
obtained for an invariant mass of the final fermion pair Mu greater than 120 GeV.

One clearly sees from inspection of Table 1 that the most promising of the three energy-
luminosity combinations for what concerns the relative size of the error is 175 GeV and HOOpb'1.

From now on we shall therefore concentrate on this configuration and evaluate the bounds on
Z' rescaled parameters that would follow from the non observation of any virtual effect. With
this purpose we have made full use of the code ZEFIT and chosen A = .7 ,although smaller
values like for instance the one used in table 1 would lead to practically the same conclusions.

To obtain exclusion limits, we calculate the SM predictions of all observables Ot(SM) and
compare them with the prediction Oi(SM,vf,a^) from a theory including a Z'. In our fits we
use the errors AO; calculated using the same assumptions as in Table 1 and define:

2 _
x

Oi(SM)- Oi(SM,Z')\2

0< / '
(14)

X2 < Xmin + 5.99 corresponds to 95% confidence level for one sided exclusion bounds for two
parameters.
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140.
140.
140.
140.
140.
140.
175.
175.
175.
175.
175.
175.
192.
192.
192.
192.
192.
192.

Lumi
5.
5.
5.
5.
5.
5.

500.
500.
500.
500.
500.
500.
300.
300.
300.
300.
300.
300.

Ace
.90
.90

.90

.90

.90

.90

.90

.90

.90

.90

.90

.90

<r(pb)

6.43
6.51

6.98
6.98

4.13
4.15

4.01
4.01

3.47
3.49

3.28
3.28

A<r,t,,t

1.20
0.85

1.25
0.88

0.10
0.07

0.09
0.07

0.11
0.08

0.11
0.08

Aer.y.t
.05
.04

.05

.04

.03

.03

.03

.02

.02

.02

.02

.02

A<r
1.20
0.85

1.25
0.88

0.10
0.07

0.10
0.07

0.12
0.08

0.11
0.08

Error
18.6%
13.1%

17.9%
12.6%

2.4%
1.7%

2.5%
1.8%

3.3%
2.4%

3.4%
2.5%

AFB

.684

.684

.666

.666

.602

.602

.586

.586

.579

.579

.565

.565

(A,4FB)
.136
.095

.133

.094

.019

.013

.01

.01

.02

.01

.02

.02

AT

-.104

-.102

-.082

-.079

-.085

-.081

(AAT)

0.61

0.59

0.08

0.08

0.11

0.11

Table 1: SM predictions for leptonic observables including experimental accuracies. As a simple
simulation of the detector acceptance, we impose that the angle between the outgoing leptons
and the beam axis is larger than 20°, leading to an acceptance of about 0.9. The first line
gives the muon cross section and the forward-backward asymmetry and errors. The second
line gives the averaged (i and r cross section and asymmetry (and errors) whereas the third
line contains the r polarization(obtained by using only the p and n channels and assuming
an average sensitivity of .5). Concerning systematics we assumed .5% relative error for /t and
r selections and also for luminosity. For all asymmetries we did not consider any systematic
error. All quoted errors refer to a single LEP experiment. Taking into account the type of
systematic errors and the relative size of systematics vs statistics, it is a good approximation
to divide the error by 2 to estimate the combined error of the four experiments.
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P i g . 1 The areas in the ( o f , V?) plane excluded with 9 5 % CL »t LEP 2 by different observables i.e. <T< (ellipse) and

ApQ (crossed lines). The remaining contours, that do not improve the limits, would correspond to a measurement of AT with

an accuracy twice better than the realistic one quoted in Table 1.

F i g . 2 The area in the (<J; , V\| ) plane excluded with 9 5 % confidence at LEP 2 by the combination of all the leptonic

observables.

Figures 1 and 2 give our model independent constraints to the rescaled leptonic Z' couplings
including all radiative corrections , i.e. the QED radiation and the electroweak corrections,
that have a very small influence on the results. In figure 1 the constraint from each observable
is shown separately. The combined exclusion region is depicted in the next figure 2 and a
few comments on the previous figure are now appropriate. It represents in fact the most
general type of constraints that can be derived on a Z' from the absence of signals in the
leptonic channel at LEP2, under the assumption that the Z' couples to charged leptons in a
universal way. In particular, from this figure one might derive bounds on the parameters of
Z' that were only coupled to leptons and would therefore escape detection at any hadronic
machine. For such models, the limit on Mz° would be then derivable to a very good(and
conservative) approximation, for given Z' couplings, by the simple expression(derived from
eq. (5) and eq. (6)):

l
rzZ I" (15)

where r is the distance from the origin in the (vf, af1) plane of the intersection between the
boundary region of figure 2 and the straight line:

ir = ~i =k (16)
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where k is fixed by the considered model and r will vary between .01 and .015. (Numerically
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Ecm
140.
140.
140.
140.
140.
140.
140.
140.
175.
175.
175.
175.
175.
175.
175.
175.
192.
192.
192.
192.
192.
192.
192.
192.

Lumi
5.
5.
5.
5.
5.
5.
5.
5.

500.
500.
500.
500.
500.
500.
500.
500.
300.
300.
300.
300.
300.
300.
300.
300.

Ace
0.25
1.00

0.25
1.00

0.25
1.00

.25
1.00

0.25
1.00

.25
1.00

<r(pb)
10.46
59.03

10.62
60.49

5.15
31.24

4.69
28.90

4.08
25.22

3.62
22.79

Ao-,tot

2.89
3.44

2.92
3.48

0.20
0.25

0.19
0.24

0.23
0.29

0.22
0.28

.31

.66

.32

.68

.15

.35

.14

.32

.12

.28

.11

.25

A<T
2.91
3.50

2.93
3.54

.26

.43

0.24
0.40

.26

.40

0.25
0.38

Error
27.8%
5.9%

27.6%
5.9%

5.0%
1.4%

5.1%
1.4%

6.5%
1.6%

6.8%
1.6%

.499

.509

.543

.562

.554

.577

(AAFB)
.379

.373

.052

.054

.079

.078

R

9.181
0.177

8.666
0.176

7.572
0.165

7.215
0.162

7.265
0.162

6.942
0.159

Error

14.3%
28.4%

13.9%
28.2%

2.1%
5.1%

2.1%
5.3%

2.8%
6.6%

2.9%
6.9%

Table 2: SM predictions for hadronic observables including experimental accuracies. The first
line gives the b quark cross section and forward-backward asymmetry and the corresponding
experimental errors. The second line gives the total hadronic cross section (and errors) whereas
the third line contains the ratio Rh = ^ and the fourth line the ratio Rt = f^ . Concerning
systematics we assumed 1% relative error for hadron selection and 3% relative error for b quark
selection.We did not consider any systematic error for all asymmetries. Concerning the b quark
cross section we assume a tagging efficiency of 25% (vertex tag) and 10% (lepton tag) for the
asymmetry. The first block of numbers (upper four lines) refer to convoluted quantities where
proper cuts have been applied, whereas the lower four lines contain deconvoluted quantities.
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In a less special situation, the Z' couplings to quarks will not be vanishing. In these cases, to
derive meaningful bounds, the full information coming from the final hadronic channel should
be also exploited. At LEP2, we assumed the availability of three different measurements, i.e.
those of the total hadronic cross section ah and those of the cross section and forward-backward
asymmetry for 66 production,^ and Ah

FB. In table 2 we give the related expected experimental
accuracies, for the three energy-luminosity configurations already investigated for the final
leptonic channel in Table 1, and under the same general assumptions listed in the discussion
preceding the presentation of this table.

Prom the combination of the leptonic and hadronic channels, a fully general investigation of
the six rescaled Z' couplings (there would be four extra rescaled couplings for "up" and "down"
type quarks) might be, in principle, carried through if at least four hadronic independent
observables were measured at LEP2. This could be obtained if one more hadronic asymmetry
were measured. In practice, though, the utility of such an approach is somehow obscured by
practical considerations( like the realistic achievable experimental accuracy). For these reasons,
we have therefore decided to make full use of the hadronic observables to derive limits on Mz,
only for a number of "canonical" models where the Z' couplings to fermions are constrained. As
relevant examples to be investigated, we shall discuss E6 models [2] and Left-Right symmetric
models [3], for which the Z' current can be decomposed as:

3%, = 'sin/3

1
L1<*LR

(17)

(18)

Table 3a

f
1

u

d

9'vt

^cos /3

0

- ^ c o s / 3

9-AI

Jgcos^+^sin^

-^coS/3+^2sin/3

^cos/3+^sin^

Table 3b

f
1
u
d

9'vt

_1 S&E
" i f 2

3ar.i> ~r 2
1 ar.»

3ar> 2

9' At

"" 2

2

Table 3: Couplings of ordinary fermions (f=l,u,d) to Z' boson a) from E9 models as a function
of the parameter cos/3 b) from Left-Right models as a function of the parameter aLR.
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In table 3 we have given the Z' couplings to 1, u and d fermions for the two models. Some
specific relevant cases in the Ee sector are the so called x model (corresponding to cos/3 = 1),
•tp model (cos/3 = 0) and i] model (arctan/3 = — J|). Special cases for Left-Right symmetric

models are obtained for CCLR = J§ (this case reproduces the x model) and am = \/2 (the
so called manifestly L-R symmetric model). Finally we also chose the Z' of the Sequential
Standard Model( which has the same fermionic couplings as those of the SM Z) as an additional
benchmark.

Table 4 shows the CL bounds on Mz< obtainable from the non observation of any effect at
LEP2 in the configuration: 175 GeV, bOOpb'1. In fact one can easily show that for virtual Z'
searches this configuration is the best of the three that we have considered for LEP2, since the
simple scaling law for the achievable limit (Af^<)mal ~ (q2 f L)4 applies. The different lines
show the influence of the hadronic observables. As one sees, this is indeed relevant for the SSM
Z'. In the other cases it improves the bounds derived from purely leptonic observables by an
amount of less than (typically) a relative 10%.

vh ^FB> "had
"I, AFB, Rb, Ab

FB, IThad

X
870
900
930

i>
640
642
666

V
525
550
560

LR
838
854
880

SSM
1238
1530
1580

Table 4: Maximal Z' masses M'z excluded by leptonic and hadronic observables. x2 < Xmin+2.7
(95% CL, one sided limits).

The more general analysis of the two models of extra gauge, that corresponds to values
of cos/3 ranging from —1 to +1 (positive sin/3) and am ranging from v/ | to V5, has been
summarized in figures 3 and 4 (full lines). One sees that the best Mz> limits correspond to
models-where cos/3 ~ 1 and where am is at the boundary of its allowed interval, for which the
bounds derivable at LEP2 would be about 1 TeV.
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Fig. 4

Maximal Z' m u n excluded at LEP2 (full curve) and at Tevatron with a luminosity of 1 / 6 1 (daihed curve) or 20p6~ J

(dotted curve) for EQ modeh (Fig. 3) and for Left-Right modek (Fig. 4).

The values that we have derived should be compared with those already available and with
those reachable in a not too far future at Tevatron. To fix the scales for the comparison, we
have considered the limits that would correspond to an energy of 1.8 TeV with an integrated
luminosity of 1/6"1 and drawn on the same figures 3 and 4 (dashed lines) the expected Tevatron
limits, that would "compete" with the LEP2 results (the present Tevatron limits for 20;*"1

correspond to the dotted curves). The limits correspond to 95% CL bounds on Mz> based on 10
events in the e+e~ + fi+fi~ channel, assuming that Z' can only decay in the three conventional
fermion families. The values that we plot are in agreement with those quoted in a recent
report [16]. One sees from figures 3 and 4 that for the Ee models the LEP2 limits are in
a sense complementary to those of Tevatron in the future configuration, providing better or
worse indications depending on which range is chosen for cos/?. LEP2 is better if cos/3 lies in
the vicinity of - 1 and cos/? > 0.4. On the contrary, for Left-Right symmetric models LEP2
appears to do much better, except for OTJUJ ranging between 1 and 1.2 where Tevatron could
provide limits a bit higher; concerning the SSM Z', LEP2 does systematically better since it can
reach 1.5 TeV whereas the future Tevatron limit is around 900 GeV. Note that, should other
exotic or supersymmetric channel be open for Z' decay, the Tevatron limits might decrease by
as much as 30%, depending on the considered model [16]. We conclude therefore that, until
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the Tevatron luminosity will reach values around 10/6"', the canonical LEP2 bounds will be,
least to say, strongly competitive.

Our determination of bounds is at this point finished for what concerns the final fermionic
channel. In the next section we shall try to derive some model-independent criterion to identify
Z' signals at LEP2.

3 Search for signals: the leptonic channel

In this section, we shall assume that some virtual signal has been seen at LEP2 in the leptonic
channel. In this case, we shall show that it would be possible to conclude whether this signal
is due to a Z' or not.

This can be easily understood if one compares the Z' effect to a description that includes the
SM effects at one loop, and we shall briefly summarize the main points. For what concerns the
treatment of the SM sector, a prescription has been very recently given [17], that corresponds
to a "Z-peak substracted" representation of four fermion processes, in which a modified Born
approximation and "substracted" one loop corrections are used. These corrections, that are
"generalized" self-energies, i.e. gauge-invariant combinations of self-energies, vertices and boxes,
have been called in [17] (to which we refer for notations and conventions) Aa(q2), R(q2) and
V(q2) respectively. As shown in ref [17], they turn out to be particularly useful whenever effects
of new physics must be calculated. In particular, the effect of a general Z' would appear in this
approach as a particular modification of purely "box" type to the SM values of Aa(g2), R(q2)
and V(q2) given by the following prescriptions:

(19)

(20)

where we have used the definitions:
. 9vi
9vi

(21)

(22)

(23)

with gvi - | (1 - ±a\)\gja = - \ and c\sl = j^M*' T o u n d e r s t a n d the philosophy of our
approach it is convenient to write the expressions at one-loop of the three independent leptonic
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observables that will be measured at LEP2, i.e. the leptonic cross section, the forward-backward
asymmetry and the final r polarization. Leaving aside specific QED corrections extensively
discussed in the previous section, these expressions read:

Mi2) =
*2(<r2(</2 - + q*1

(24)

K*(q2 - + q*
V(q2)} } (25)

AT(q>) = ! - M l ) + g2 K2(g
2-Mi)' + g<J

(26)

where K is a numerical constant (K2 = (3r[^)f ) ' — 7) and we refer to [17] for a more detailed
derivation of the previous formulae.

A comparison of eqs. (24-26) with eqs. (19 -21) shows that, in the three leptonic observables,
only two effective parameters, that could be taken for instance as £w ; M,s and (£vi —

£M) y ^ ' _ " a ( t o have dimensionless quantities, other similar definitions would do equally well),
enter. This leads to the conclusion that it must be possible to find a relationship between the
relative Z' shifts ^ , ^ and ^ (defining, for each observable O; = OfM + SO?) that is
completely independent of the values of these effective parameters. This will correspond to a
region in the 3-d space of the previous shifts that will be fully characteristic of a model with
the most general type of Z' that we have considered. We shall call this region nV reservation".

To draw this reservation would be rather easy if one relied on a calculation in which the Z'
effects are treated in first approximation, i.e. only retaining the leading effects, and not taking
into account the QED radiation. After a rather straightforward calculation one would then be
led to the following approximate expressions that we only give for indicative purposes:

\ A i — '

6A'F I 6cr,
(27)
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where the /;'s are numerical constants, whose expressions can be found in [17].

Eq. (27) is an approximate one. A more realistic description can only be obtained if the
potentially dangerous QED effects are fully accounted for.In order to accomplish this task, the
QED structure function formalism[ll] has been employed as a reliable tool for the treatment of
large undetected initial-state photonic radiation. Using the structure function method amounts
to writing, in analogy with QCD factorization, the QED corrected cross section as a convolution
of the form:

<r(gJ) = + Sf,)Q{cut3) (28)

where <ro is the lowest order kernel cross section, taken at the energy scale reduced by photon
emission,Z)(x, q2) is the electron (positron) structure function, 6f, is the correction factor taking
care of QED final-state radiation and Q(cuts) represents the rejection algorithm to implement
possible experimental cuts. Its expression, obtained by solving the Lipatov-Altarelli-Parisi evo-
lution equation in the non-singlet approximation, can be found in [12] together with a complete
discussion of the method. In order to proceed with the numerical simulation of the Z' effects
under realistic experimental conditions, the master formula eq. (28) has been implemented in a
Monte Carlo event generator which has been first checked against currently used LEP1 software
[18], found to be in very good agreement and then used to produce our numerical results. The
Z' contribution has been included in the kernel cross section a0 computing now the s-channel
Feynman diagrams associated to the production of a leptonic pair in e+e~ annihilation medi-
ated by the exchange of a photon, a SM Z and an additional Z' boson. In the calculation, which
has been carried out within the helicity amplitude formalism for massless fermions and with the
help of the program for algebraic manipulations SCHOONSCHIP [19], the Z' propagator has
been included in the zero-width approximation. Moreover, the bulk of non QED corrections has
been included in the form of the Improved Born Approximation, choosing U(S),MZ,GF and
Tz as input parameters. The values used for the numerical simulation are [20]: Mz = 91.1887
GeV, Tz = 2.4979 GeV. The center of mass energy has been fixed to y/q* = 175 GeV and the
cut a;ia2 > 0.35 (that would correspond to the choice A = 0.65 in the notations of the previous
section) has been imposed in order to remove the events due to Z radiative return and hence
disentangle the interesting virtual Z' effects. These have been investigated allowing the previ-
ously defined ratios fvi and £AJ to vary within the ranges —2 < £41 < 2 and —10 < £vi < 10.
Higher values might be also taken into account; the reason why we chose the previous ranges
was that, to our knowledge, they already include all the most known models.

The results of our calculation are shown in figure 5 [21]. One sees that the characteristic
features of a general Z' effect are the fact that the shifts in the leptonic cross section are
essentially negative. This can be qualitatively predicted from the Born approximation formula
eq. (24) because the dominant photon exchange contribution to ai is clearly negative since
A'z')a(g2) is negative. Away from (M a 0 the forward-backward asymmetry will be also
negative, as easily inferred from eq. (25).
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Flg* 5 -£T VOTUI -^T «"* A^° ' T h e c e n t r a l "<ie"d" ««* where a signal would not be distinguishable correspond, to an

assumed (relative) experimental error of 1.6% for <7^ and to 1% (absolute) errors on the two asymmetries. The region that remains

outside the dead area represents the Z reservation at LEP2, to which the effect of the most general Z' must belong.

Fig* 6 The same as Fig. 5, comparing the realistic results obtained via Monte Carlo simulation with the approximate ones

according to Born approximation.

F i g . 7 The region corresponding to Anomalous Gauge Couplings according to a Born approximation.
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One might be interested in knowing how different the realistic figure 5 is from the approx-
imate Born one, corresponding to the simplest version given in eq. (27). This can be seen
in figure 6 where we have drawn the allowed regions, the points corresponding to the realistic
situation, already shown in figure 5. The region inside the parallelepiped , where a signal would
not be detectable, corresponds to an assumed relative experimental error of 1.7% for o\ and
to an absolute error of 1% for Al

FB. For the r asymmetry an absolute error of 2% has been
assumed, that is extremely optimistic. The domain that remain outside this area represents
the Z' reservation at LEP2, to which the effect of the most general Z' must belong. One sees
that the simplest Born calculation is, qualitatively, a reasonable approximation to a realistic
estimate, which could be very useful if one first wanted to look for sizeable effects.

The next relevant question that should be now answered is whether the correspondence
between Z' and reservation is of the one to one type, which would lead to a unique identification
of the effect. We have tried to answer this question for one specific and relevant case, that of
virtual effects produced by anomalous gauge couplings. In particular, we have considered
the case of the most general dimension 6 SU(2) ® U(l) invariant effective lagrangian recently
proposed [22]. This has been fully discussed in a separate paper [23], where the previously
mentioned "Z-peak substracted" approach has been used. The resulting AGC reservation in
the (<T[, A'FB, AT) has been calculated for simplicity in the Born approximation, as suggested
by the previous remarks. This AGC area is plotted in figure 7. As one sees, the two domains
do not overlap in the meaningful region. Although we cannot prove this property in general, we
can at least conclude that, should a clear virtual effect show up at LEP2, it would be possible
to decide unambiguously to which among two well known proposed models it does belong.

The results that we have shown so far have been obtained by exploiting the information
provided by the final fermionic channel. We shall devote the next section 4 to a brief discussion
of the WW channel at LEP2.

4 Search for effects in the WW channel

The virtual effects of a Z' in W pair production from e+e~ annihilation can be described, at tree
level, by adding to the photon, SM Z and neutrino exchanges the diagram with an additional
Z' boson exchange. The overall effect in the scattering amplitude reads:

) = A<$TZ'%>) + 4f'(?') (29)
where we assume universal couplings. Separate expressions can be easily derived for eq. (29).
We shall only give here the relevant Z' contribution:

T
q —where:

(30)

(31)
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and pi,2 are the four momenta of the outgoing W bosons. In the expression eq. (30) we have
assumed that the Z'WW vertex has the usual Yang-Mills form. We do not consider here the
possibility of anomalous magnetic or quadrupole type of couplings. An analysis with anomalous
ZWW and Z'WW couplings is possible along the lines of [24] but is beyond the scope of this
report. Our analysis will be nevertheless rather general as the trilinear Z'WW coupling will
be treated as a free parameter, not necessarily proportional to the Z — Z' mixing angle as for
example it would appear in a "conventional" E$ picture.

For the purposes of this working group, it will be particularly convenient to describe the
virtual Z' effect as an "effective" modification of Z and 7 couplings to fermions and W pairs.
As one can easily derive, this corresponds to the use of the following modified trilinear couplings
that fully describe the effect in the final process e+e~ -> W+W~:

9*-,ww =
2 _

(32)

9zww = 9zww - gz-ww M2 _ A
Z1

(33)

In the previous equations, the same definitions as in eq. (22) and in eq. (23) have been used.
In the following we shall use the results obtained on £Vi and £« in the previous section. Our
normalisation for trilinear couplings is such that: g^ww = 1 and gzww — f1-

Adopting the notations that are available in the recent literature [25], we find for the Z'
effect:

9?,ww - * = •U) (34)

= 9zww - c o
M2 _ %

Z1 *

From eq. (34) and eq. (35) one can derive the following constraint:

(35)

(36)

We then notice that the virtual effect of a general Z' in the WW channel is, at first sight, quite
similar to that of a possible model with anomalous gauge couplings, that would also produce
shifts Sy, 8Z both in the fWW and in the ZWW couplings. But the Z' shifts satisfy in fact
the constraint given in eq. (36), that corresponds to a certain line in the (&,, Sz) plane whose
angular coefficient is fixed by the model i.e. by the values of fa and (£vi — fa).
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We shall now introduce the following ansatz concerning the theoretical expression of g
that we shall write as:

gz'WW
( Mz\-hi) cot Qw (37)

The constant c would be of the order of one for the "conventional" models where the Z'
couples to W only via the Z — Z' mixing ( essentially contained in the bracket of eq. (37)).
But for a general model, c could be larger, as one can see for some special cases of composite
models[26] or when the Z' originates from a strong coupling regime[27]. In fact, a stringent
bound on c comes from the request that the partial Z' width into WW has to be "small"
compared to the Z' mass. Imposing the reasonable limit:

(38)

leads to the condition:

c < 1 0 (39)

that we consider a rather "extreme" choice.

We shall now discuss the observability limits on &, and Sz- According to [25], six equidistant
bins in the cosine of the production angle are chosen for the generation of data, such that each
bin contains a reasonable number of events ( > 4). A binned maximum likelihood method
has been used. The result for one parameter fit Sz is:—0.2 < Sz < 0.25 for the configuration
^/q2 — 175 GeV and / Ldt = 500pb~l and similarly for Sy. We have then considered a number
of possible illustrative situations, as extensively discussed in [28] and found that even in corre-
spondance to the available present CDF limits and for the optimistic choice c = 10, one would
get an effect of about 1%, i.e. well below the expected LEP2 observability limit.

In conclusion, a Z' of even pathologically small mass, for extreme values of its assumed cou-
plings, would be unable to produce observable effects in the WW channel at LEP2. Therefore
in the derivation of bounds or searches for visible effects, the final fermionic channel provides
all the relevant information.

5 Concluding remarks

We have tried in this report to be as concise and essential as possible, partially owing to the
lack of space. In this spirit, we feel that a proper conclusion to our work might be that of
stressing that LEP2, under realistic experimental conditions and in a rather near future, will
be able to perform a clean and competitive, in some respects quite unique, search for effects of
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a Z' whose mass is not above the TeV boundary. For Mz< values beyond this limit, only more
energetic machines will be able to continue this task.
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